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INTRODUCTION: 
Breast cancer is the second leading cause of cancer death in women in the United States. Invasion 

and metastasis are the most lethal characteristics of breast cancer and the leading cause of breast 
cancer-related death. TGF-β normally inhibits breast cancer development by preventing mammary 
epithelial cell (MEC) proliferation, or by inducing MEC apoptosis. Mammary tumorigenesis 
counteracts the tumor suppressing activities of TGF-β, thus enabling TGF-β to stimulate breast cancer 
invasion and metastasis. Fundamental gaps exist in our knowledge of how malignant MECs overcome 
the cytostatic actions of TGF-β, and of how TGF-β stimulates the development and progression of 
mammary tumors. These knowledge gaps have prevented science and medicine from implementing 
treatments effective in antagonizing the oncogenic activities of TGF-β in developing and progressing 
breast cancers. We recently discovered that the expression and activity of the TGF-β gene target, 
Fibulin-5 (FBLN5), potentiates TGF-β stimulation of invasion and epithelial-mesenchymal transition 
(EMT) in normal and malignant MECs in vitro, and more importantly, enhances the growth and 
pulmonary metastasis of mammary tumors in mice. Interestingly, we find that FBLN5 incorporates 
into active TGF-β receptor complexes in a β3 integrin-dependent manner, an event associated with the 
activation of intracellular signaling by TGF-β. Based on these and other compelling findings, we 
hypothesized that inactivating FBLN5 function will prevent the conversion of TGF-β from a 
suppressor to a promoter of breast cancer growth and invasion, thereby alleviating breast cancer 
development and progression stimulated by TGF-β. The goals of this project are to determine the 
molecular mechanisms that mediate incorporation of FBLN5 into active TGF-β receptor complexes, 
and to determine the role of FBLN5 in mediating β3 integrin and Src activation, leading to oncogenic 
signaling by TGF-β in normal and malignant MECs. Finally, we will determine whether interdicting 
FBLN5 function abrogates the oncogenic activities of TGF-β and prevents its stimulation of breast 
cancer progression in vivo. These studies are important because they will (i) provide valuable 
information on how breast cancers develop and progress, and on how TGF-β promotes these processes; 
(ii) identify the signaling mechanisms and systems that mediate the oncogenic nature of TGF-β; and 
(iii) identify FBLN5 antagonists capable of alleviating the oncogenic activities of TGF-β, as well as 
establish their effectiveness in preventing breast cancer progression stimulated by TGF-β. Moreover, 
application of our findings will enable science and medicine to one day improve the prognosis and 
treatment of patients with metastatic breast cancer 

 
 

BODY: 
Overview and General Findings: The specific aims of the proposed research have not been 

modified. Indeed, our recently published manuscript in the journal Carcinogenesis [1] clearly 
established the importance of FBLN5 in promoting epithelial-mesenchymal transition (EMT) in 
normal and malignant mammary epithelial cells (MECS). Equally important, we showed that FBLN5 
expression greatly enhanced the ability of TGF-β to stimulate EMT, as well as promoted its oncogenic 
activities in normal and malignant MECs both in vitro and in vivo. Clearly, elucidating the molecular 
mechanisms that enable FBLN5 to enhance oncogenic TGF-β signaling has tremendous potential to 
neutralize the metastasis promoting activities of this multifunctional cytokine, and as such, to 
ultimately improve the clinical course of breast cancer patients with metastatic disease. 

 
Data in the scientific literature has recently established the essential role of TGF-β in regulating the 

activities of breast cancer-associated fibroblasts and stromal components [2-5]. Indeed, mounting 
evidence indicates that TGF-β promotes breast cancer progression in part via its reprogramming of 
MEC microenvironments and their cellular architectures. Moreover, TGF-β also induces desmoplastic 
and fibrotic reactions that elicit the formation of tense, rigid tumor microenvironments that (i) enhance 
the selection and expansion of developing mammary neoplasms, particularly that of late-stage 
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metastatic cells, and (ii) predict for poor clinical outcomes in breast cancer patients. Our previous 
published studies established FBLN5 as an important stromal-produced secreted factor that regulates 
tumor development in mice [6-9]. Thus, we characterized changes in the fibroblast transcriptome 
elicited by FBLN5, or by FBLN5 plus TGF-β. Microarray analyses identified 1181 genes whose 
expression is regulated by FBLN5, and an additional 1675 genes whose expression is regulated by 
TGF-β. Differential expression of 14 individual genes was verified by semi-quantitative real-time 
PCR. Downregulated FBLN5 gene targets included a) BB503935; b) pleckstrin-homology domain-
containing family A member; c) transglutaminase-2; and d) Rho GTPase activating protein 24. 
Upregulated FBLN5 gene targets included a) BB533736; b) BB831146; c) HoxD9; d) 
thrombospondin-1; e) collagen type XI; f) angiopoietin-1; g) cysteine-rich protein 61; h) Dkk3; i) 
fibromodulin; and j) HoxD10. Oncomine analyses showed the expression of fibromodulin to be 
upregulated in human breast cancers, and as such, we further characterized the activities of this novel 
FBLN5 gene target. In doing so, we found that fibromodulin expression greatly enhanced the coupling 
of TGF-β to Smad2/3 and AP-1 activation, while simultaneously abrogating both basal and TGF-β-
stimulated NF-κB activation in fibroblasts. Importantly, we observed fibromodulin expression to 
stabilize that of the NF-κB inhibitory protein, IκBα. We further determined that fibromodulin 
stabilized IκBα expression by activating JNK and CK-II, which inactivate calpain and its proteolytic 
activity against IκBα. Thus, in addition to inhibiting NF-κB activity in fibroblasts, the activation of 
this fibromodulin-dependent pathway promotes apoptosis in fibroblasts. Our findings related to this 
novel FBLN5:fibromodulin signaling axis are now being prepared for publication. Clinically, 
chemotherapeutic targeting of this pathway may offer novel inroads into alleviating the 
oncogenic activities of TGF-β  in breast cancer stroma. 

 
Based on our findings presented below, we remain convinced that our analyses of noncanonical 

and oncogenic effectors targeted by FBLN5 and TGF-β will enable the development of safer, more 
directed chemotherapies capable of phenotypically normalizing and reverting the malignant behaviors 
of developing and progressing breast cancers.  

 
Task-Specific Findings:  
Task 1: Determine the molecular mechanisms that mediate incorporation of FBLN5 into active 

TGF-β  receptor complexes. We previously engineered normal NMuMG and metastatic 4T1 cells to 
stably express β3 integrin or its inactive mutant, D119A-β3 integrin [10-12]. Our previously published 
studies demonstrated the function of β3 integrin in promoting oncogenic TGF-β signaling, including 
its ability to stimulate EMT and pulmonary metastasis of breast cancer cells [10-12]. We recently 
introduced wild-type FBLN5 and its RGE-mutant, which we demonstrated previously to prevent 
FBLN5 from ligating integrins on endothelial cells [7]. The functional characteristics of these FBLN5 
and β3 integrin manipulations on MEC behavior in response to TGF-β are quite interesting and will be 
discussed below (see Task 2). With respect to the primary objective of Task 1 – i.e., to identify the 
molecular determinants that mediate incorporation of FBLN5 into active TGF-β receptor complexes, 
and more importantly, to determine the impact of disrupting the formation of these complexes on 
normal and malignant MEC response to TGF-β – our preliminary data indicate that FBLN5 is capable 
of binding β3 integrin on MECs independent of its integrin-binding RGD motif. Indeed, we find that 
MEFs derived from FBLN5-deficient embryos respond poorly to TGF-β, and that re-expression of 
either wild-type FBLN5 or RGE-FBLN5 molecules in these FBLN5-deficient MEFs significantly 
enhance MEF response to TGF-β. Thus, our findings to date suggest that FBLN5 may incorporate into 
TGF-β receptor complexes independent of traditional integrin-binding activities. Alternatively, FBLN5 
may incorporate into TGF-β receptor complexes in a manner wholly independent of β3 integrin. With 
respect to the former possibility, we now are optimizing the expression and purification systems 
necessary to isolate various recombinant FBLN5 mutants, including full-length wild-type and RGE-



 6 

mutant FBLN5 molecules, as well as those mutants that lack the N-terminal Pro-rich domain (i.e., 
ΔPro), the entire N-terminal domain (i.e., ΔNT), and the entire globular C-terminal domain (i.e., ΔCT) 
or those that only contain the N-terminal (i.e., NT-FBLN5) or C-terminal (i.e., CT-FBLN5). FBLN5 
mutants found to incorporate into TGF-β receptor complexes will then be subjected to gross- and fine-
deletion analyses, followed by Ala-scanning mutagenesis to elucidate the molecular determinants that 
mediate FBLN5 association with TGF-β receptors. We fully expect to possess engineered FBLN5 
molecules that are incapable of supporting oncogenic TGF-β signaling by the completion of Year 2, 
and to complete a thorough characterization of their impact on TGF-β signaling and breast cancer cell 
behavior during Year 3. 

 
Because our initial studies of FBLN5 incorporation into TGF-β receptor complexes showed that 

wild-type and RGE-FBLN5 were both capable of capturing β3 integrin in immunocomplex assays, we 
began to consider the possibility that FBLN5 may incorporate into TGF-β receptors in an integrin-
independent fashion. In support of this notion, we found that FBLN5 bears striking homology to 
members of LTBP (latent TGF-β-binding proteins) family of proteins, particularly in their calcium-
binding EGF-like repeats. Thus, we hypothesized that FBLN5 may bind directly to TGF-β, which then 
pulls FBLN5 into TGF-β receptor complexes. Accordingly and quite surprisingly, we used three 
separate and distinct binding protocols to show unambiguously that FBLN5 does indeed interact 
physically with active TGF-β independent of whether FBLN5 can bind to integrins (i.e., wild-type 
FBLN5 and RGE-FBLN5 bind indistinguishably to active TGF-β). This finding represents a major 
advance for TGF-β  and FBLN5 biologists, and may in fact explain why FBLN5-deficient MEFs 
are unresponsive to TGF-β . Indeed, our findings indicate that FBLN5 may function in binding 
directly to TGF-β and facilitating its presentation and/or incorporation to inactive TGF-β receptor 
complexes, resulting in enhanced transmembrane signaling initiated by TGF-β. Accordingly, MECs 
engineered to overexpress FBLN5 exhibit significantly elevated levels of Smad2/3 activity as 
compared to their GFP-expressing counterparts, a finding consistent with FBLN5 functioning to 
present and enhance autocrine TGF-β signaling in normal and malignant MECs. We have now 
engineered MECs to produce various FBLN5 mutants to map the domains operant in mediate its 
interaction with TGF-β. After affirming which regions of FBLN5 bind TGF-β1, we will immediately 
generate FBLN5 mutants that lack this domain/motif to assess how preventing FBLN5 from binding 
TGF-β impacts normal and malignant MEC response to TGF-β both in vitro and in vivo. As above, we 
fully expect to complete this exciting and important task during Year 2, and to complete a thorough 
characterization of their impact on TGF-β signaling and breast cancer cell behavior during Year 3 

 
 
Task 2: Determine the role of FBLN5 in mediating β3 integrin and Src activation, leading to 

oncogenic signaling by TGF-β  in normal and malignant MECs. The primary objective of Task 2 is 
to identify FBLN5 effectors operant in mediating oncogenic signaling by TGF-β. In this regard, we 
have found that wild-type and RGE-FBLN5 are both capable of promoting partial EMT phenotype in 
normal MECs. Interestingly, we also observed the combination of FBLN5 and β3 integrin to 
significantly enhance the proliferative potential of normal MECs, a response that was not recapitulated 
in MECs co-expressing RGE-FBLN5 and β3 integrin. In addition, the combined  expression of FBLN5 
and β3 integrin greatly attenuated the sensitivity of MECs to the cytostatic activities of TGF-β. The 
enhanced response of MECs to FBLN5 also correlated with its ability to significantly augment the 
activation of FAK and ERK1/2 in these same cells. Thus, FBLN5 expression induced by TGF-β in 
normal and malignant MECs appears to play a significant role in mediating its growth promoting 
activities in MECs. Along these lines and in stark contrast to its effects in fibroblasts [9], we find that 
FBLN5 greatly enhances basal and TGF-β-stimulated NF-κB activity in normal and malignant MECs 
in part via promoting increased degradation of IκBα. Indeed, we recently found that EMT induced by 
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TGF-β initiates a pro-survival gene expression profile, such that MECs that survive the EMT process 
are more resistant to apoptosis and anoikis. Given our published work that FBLN5 promotes EMT in 
normal and malignant MECs [1], we reasoned that FBLN5 expression would also promote survival 
signaling in these same cells. Accordingly, we now find that FBLN5 greatly suppresses TNF-α 
expression (by 90%) in normal MECs, while simultaneously stimulating that of the (i) survival factors, 
survivin and xIAP; (ii) angiogenic and EMT molecule, Cox-2; (iii) pro-metastatic molecule, PAI-1; 
and (iv) pro-invasion and EMT-molecule, MMP-9. These findings are a major advance to the 
fibulin field, and we now are rapidly extending these findings to the aforementioned normal and 
malignant MECs engineered to express all combinations of wild-type and mutant FBLN5 and β3 
integrin molecules. In addition, we have begun manipulating the expression of these FBLN5 gene 
targets in normal and malignant MECs to access their role in regulating MEC response to TGF-β both 
in vitro and in vivo.  

 
Task 3: Determine whether interdicting FBLN5 function abrogates the oncogenic activities of 

TGF-β  and prevents its stimulation of breast cancer progression in vivo. The primary objective of 
Task 3 is to establish the effectiveness of abolishing FBLN5 function and its subsequent incorporation 
into active TGF-β receptor complexes to prevent breast cancer progression and metastasis induced by 
TGF-β. As mentioned above, this past year saw us identify a variety of novel FBLN5 gene targets, as 
well as uncover two potentially important tumor promoting functions for FBLN5, namely its ability to 
facilitate the presentation of TGF-β to its receptors and its potential to induce survival signaling in 
normal and malignant MECs. In the next year, we will rapidly test these FBLN5 functions using 
malignant, nonmetastatic 67NR and malignant, highly metastatic 4T1 cells that will be engineered to 
stably express FBLN5 mutants that fail to bind and present TGF-β to its receptors, as well as those 
construct derivatives of these breast cancer cell lines whose expression of FBLN5 target genes has 
been positively and negatively manipulated. Afterward, the impact of these manipulations on primary 
tumor growth and metastasis will be assessed in syngeneic Balb/C mice.  
 
 
KEY RESEARCH ACCOMPLISHMENTS: 

• Mammary tumorigenesis upregulates FBLN5 expression, particularly at the point when breast 
cancer cell acquire metastatic phenotypes 

• A novel FBLN5 gene signature has now been identified and established 
• The FBLN5 gene target, fibromodulin, suppresses NF-κB activity by stabilizing IκBα 

expression 
• Stabilization of IκBα transpires via JNK and CK-II activation, which conspire to inactivate 

calpain and its proteolytic activity against IκBα 
• Activation of this fibromodulin signaling axis promotes apoptosis 
• FBLN5 interacts with β3 integrin in an RGD-independent fashion 
• FBLN5 binds TGF-β, leading to its enhanced presentation to TGF-β receptors and elevated 

autocrine TGF-β signaling in normal and malignant MECs 
• FBLN5 and β3 integrin promote normal and malignant MEC proliferation, a cellular response 

coupled to FAK and ERK1/2 activation by FBLN5 
• RGE-FBLN5 and β3 integrin fail to induce MEC proliferation 
• FBLN5 induces survival signaling in normal and malignant MECs in part by strongly 

activating NF-κB 
• Survival signaling by FBLN5 is also coupled to its ability to suppress TNF-α expression, and 

to induce that of survivin and xIAP 
• FBLN5 potentially induces breast cancer cell EMT, migration, and invasion by upregulating 

the expression of Cox-2, PAI-1, and MMP-9 
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REPORTABLE OUTCOMES: 

Schiemann Laboratory Publications Acknowledging Support of BC084651: 
Keshamouni, V.G. and Schiemann, W.P. (2009) EMT in Tumor Metastasis: A Method to the 

Madness. Future Oncology 5, 1109-1111. 
 
Wendt, M.K., Allington, T.M. and Schiemann, W.P. (2009) Mechanisms of epithelial-

mesenchymal transition by TGF-β in normal and malignant cells. Future Oncology 5, 
1145-1168. 

 
Tian, M. and Schiemann, W.P. (2009) The TGF-β paradox in human cancer: An update. 

Future Oncology 5, 259-271. 
 
Wendt, M.K., Smith, J.A. and Schiemann, W.P. (2009) p130Cas is required for mammary 

tumor growth and TGF-β-mediated metastasis through regulation of Smad2/3 activity. 
Journal of Biological Chemistry 284, In Press. (PMID: 19822523) 

 
Schiemann Laboratory Meeting and Invited Seminar Presentations Acknowledging Support of 

BC084651: 
Schiemann, W.P. (2009) Oncogenic TGF-β signaling in breast cancer. UC-Davis Cancer 

Center, Sacramento, CA. (May 14, 2009). 
 
Schiemann, W.P. (2009) Oncogenic TGF-β signaling in breast cancer. Case Comprehensive 

Cancer Center, Cleveland, OH. (July 16, 2009). 
 
Schiemann, W.P. (2009) Activated Abl kinase inhibits oncogenic TGF-β signaling, EMT, and 

tumorigenesis in mammary tumors. The EMT International Association’s 4th 
International Meeting on “Epithelial-Mesenchymal Transition,” Tucson, AZ. 
(September 23, 2009). 

 
Schiemann, W.P. (2009) The Abl and Cain of TGF-β signaling. Department of 

Pharmacology, Case Western Reserve University, Cleveland, OH. (October 5, 2009). 
 
 
CONCLUSION: 

Our findings have clearly established new biological and pathological paradigms for FBLN5 and 
TGF-β. Importantly, we continue to (i) elucidate the mechanisms whereby FBLN5 induces oncogenic 
TGF-β signaling in normal and malignant MECs, and (ii) identify the FBLN5 effectors that contribute 
to the invasive and metastatic properties of TGF-β. Equally importantly, our findings have provided 
the first FBLN5 gene signature that underlies its biological activities, and this dataset has already 
uncovered fibromodulin as a novel FBLN5 gene target that regulates fibroblast survival. Our findings 
that FBLN5-deficient MEFs are largely unresponsive to TGF-β is exciting and may in fact be explained 
by our demonstration that FBLN5 binds directly to TGF-β, leading to its presentation to TGF-β 
receptors and the enhanced activation of autocrine TGF-β signaling in normal and malignant MECs. 
Our findings have also identified several novel FBLN5 effectors whose activity contributes to 
oncogenic TGF-β signaling. Given our recent finding that developing and progressing mammary 
tumors significantly upregulate their expression of FBLN5 at the point at which these tumors become 
metastatic, our results clearly establish FBLN5 as a new and potentially important biomarker to detect 

billspowerbook
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and track metastatic disease in patients with breast cancer. Moreover, the ability of FBLN5-deficiency 
to significantly attenuate cellular responses to TGF-β suggest that measures capable of antagonizing 
FBLN5 function may alleviate the initiation of oncogenic TGF-β signaling. Indeed, successful 
identification and implementation of FBLN5 molecules that are unable to bind and present TGF-β to 
its receptors on metastatic breast cancer cells holds tremendous potential to alleviate metastatic 
disease in breast cancer patients. Thus, translation of our findings will provide a novel set of 
biomarkers comprised of FBLN5 and its effectors that will be capable of predicting whether or not 
malignant MECs possess metastatic phenotypes. In addition, our findings will offer new inroads to 
target these metastatic lesions via employment of FBLN5 mutants that will suppress oncogenic TGF-β 
signaling in breast cancer cells. Collectively, we envision that further developing these reagents and 
clinical protocols will play a significant role in developing a “personalized medicine” approach tailored 
to treat individuals with metastatic breast cancer. 
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Were it not for the ability of carcinoma cells 
to metastasize and colonize distant organs, all 
solid tumors would present medically as a group 
of chronic but manageable diseases. There has 
been significant progress in the understanding 
of how cancer cells acquire five of the six essen-
tial hallmarks proposed for their transformation 
[1]. Unfortunately, it still remains unclear as to 
how and when cancer cells acquire the ability 
to metastasize – that is, the sixth and final hall-
mark that is responsible for more than 90% of 
cancer-related mortality [1]. However, it has long 
been recognized that the dissemination of can-
cer is not simply a random dispersion of cells, 
but instead represents an ordered and systematic 
method to this madness. Indeed, epithelial–mes-
enchymal transition (EMT) is one such method 
that has been proposed to initiate the metastasis 
of carcinoma cells [2].  

Epithelial–mesenchymal transition was first 
recognized as a conserved embryonic and devel-
opmental process that facilitates the dispersion 
of cells that ultimately leads to the generation of 
distinct tissue types [3]. In undergoing EMT, cells 
lose their epithelial properties, while acquiring 
mesenchymal properties that enable transitioned 
cells to migrate to predetermined destinations 
[4]. The idea that a similar process is reactivated 
during tumor progression and other pathologies, 
including wound healing, tissue regeneration and 
organ fibrosis, has gained significant ground and 
acceptance in recent years. Indeed, this fact is 
readily apparent in the sheer number of publica-
tions on this topic, and in the number of EMT-
focused sessions and dedicated meetings that 
have grown exponentially in the last few years. It 
is now widely accepted that EMT plays an impor-
tant role during tumor progression and confers 
certain fundamental abilities to cancer cells that 

are essential for tumor metastasis. These include 
the ability to migrate, resist anoikis and induce 
immunosuppression [5–7].

The precise contribution of EMT to tumor 
metastasis is still a subject of considerable debate 
in the scientific literature [8]. Recent reports of 
EMT in in vivo animal models and human stud-
ies [9–12], to a certain degree, have softened the 
arguments for lack of concrete in vivo evidence. 
However, convincing demonstration of a true 
phenotypic switch is still yet to come. The other 
dismissive argument that EMT is simply reflective 
of genomic instability in cancer cells is also fading 
in light of increasing numbers of studies reporting 
EMT that occurs in normal epithelial cells from 
various organs in response to injury [9,11,13].

Reports of EMT conferring resistance to cer-
tain classes of drugs and therapeutic modalities, 
and correlation of EMT gene signatures with 
poor outcomes have been described [14–16]. These 
observations, together with the recent finding 
that EMT may confer stem cell-like properties 
to resulting mesenchymal cells [17] have high-
lighted the clinical relevance of this process. 
Consequently, several groups, both in industry 
and academia, are actively pursuing the discovery 
of novel molecules to target EMT [18].

!…any effort to identify context-specific 
signals should consider the physiological 

state of the epithelium in which EMT is 
taking place – that is, whether it 

transpires in normal, transformed or 
injured epithelium…"

Recently, Kalluri and Weinberg proposed 
to classify EMT into three distinct subtypes 
based on the biological context in which they 
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occur  [4]. This new terminology was not avail-
able at the time the reviews for this special focus 
issue were accepted for publication, and as such, 
this classification is not used herein. With the 
exception of the review by Micalizzi et al. [19], 
the other articles have predominantly discussed 
what now could be referred to as type III EMT 
in the new classification system, which is EMT 
in the context of tumor progression. By con-
trast, the article by Micalizzi et al. describes the 
regulators of developmental EMT, which now 
is known as type I EMT in the new classifica-
tion scheme, and discusses the transcriptional 
reactivation of type I EMT in the context of 
type III EMT. Particularly interesting is the 
discussion of their own work investigating the 
role of two new players, Six1 and Six4, in the 
EMT of mouse mammary tumors. Radaelli 
et al. provide a very elegant historical perspective 
by discussing some of the early descriptions of 
EMT in mouse tumors [20], some of which date 
as far back as the year 1854. They also present 
an interesting comparison of EMT in mouse 
and human pathologies. A very comprehensive 
review of the regulatory pathways implicated in 
TGF-!-induced EMT in normal and malignant 
cells of the breast is provided in the article by 
Wendt et al. [21], and finally, van Zijl et al. [22] 

review the evidence for EMT in hepatocellular 
carcinoma and discussed its implications for the 
treatment of these tumors. 

!Given the dramatic changes that take 
place during EMT, it is wholly reasonable 

to expect EMT to also elicit powerful 
alterations within tumor 

microenvironments, as well as to target 
the activities and behaviors of various 

stromal supporting cells."

Pathways and molecules that distinguish 
EMT in tumor progression from the other two 
biological contexts are far from clear. However, 
any effort to identify context-specific signals 
should consider the physiological state of the 
epithelium in which EMT is taking place – 
that is, whether it transpires in normal, trans-
formed or injured epithelium, and how these 
unique epithelial states impact the functional 
consequences of the resulting EMT. Indeed, 
the vast majority of EMT studies to date have 
solely focused on assessing the functional con-
sequences of EMT in solely altering the behav-
iors and functions of tumor cells, not their 
accompanying stromal components. Given the 
dramatic changes that take place during EMT, 
it is wholly reasonable to expect EMT to also 
elicit powerful alterations within tumor micro-
environments, as well as to target the activities 
and behaviors of various stromal supporting 
cells. Therefore, the implications of EMT on 
the interactions of tumor cells with their accom-
panying stromal and microenvironmental com-
ponents clearly need to be explored in future 
studies. 
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The epithelium is comprised of highly specialized 
and diverse cells that play critical roles in nearly 
all biological processes [1,2]. Indeed, epithelial cells 
serve as protective barriers that line both the outer 
(i.e., skin) and inner (i.e., airways, gastrointestinal 
tract, and so on) body cavities, as well as behave as 
secretory and glandular tissues. In addition, epithe-
lial cell function varies widely between tissues, and 
ranges from nutrient absorption in the intestines, 
to gaseous exchange in the lungs, to lactogenesis 
in the mammary gland. Equally important is the 
role of the epithelium in providing the first line 
of defense against exterior insults and infections, 
while simultaneously enabling the exchange of 
vital nutrients needed to maintain tissue homeo-
stasis. The fidelity and function of the epithelium 
is maintained through its continual renewal and 
repair, and as such, it is perhaps not surprising to 
learn that the majority (i.e., !90% [3]) of cancers 
arise in cells derived from epithelial origins. Thus, 
it is imperative that science and medicine uncover 
the sequence of events that enable specialized and 
polarized epithelial cells to dedifferentiate along 
a tumorigenic pathway that terminates in their 
acquisition of metastatic phenotypes.

Recent evidence has linked the develop-
ment of tissue fibrosis and cancer metastasis 
to the inappropriate reactivation of epithe-
lial–mesenchymal transition (EMT), which 
is the process whereby immotile, polarized 
epithelial cells transition into highly motile, 
apolar fibro blastoid-like cells (FIGURE 1 [1,2,4–6]). 
Indeed, EMT is a normal physiological process 
essential for proper embryogenesis and tissue 
morpho genesis, particularly for the formation 
of the mesoderm, neural crest, cardiac valve and 
secondary palate [1,2,7]. With respect to adult 
tissues, EMT is also engaged in wounded epi-
thelia to facilitate their healing, remodeling and 
repair in response to tissue damage. Thus, fully 
differentiated epithelial cells harbor a dormant 
embryonic transcriptional EMT program that 
can be reinitiated in response to a variety of 
specific environmental cues and signals, one of 
which is the pleiotropic cytokine, transform-
ing growth factor-" (TGF-"). Interestingly, 
these same cellular and morphological features 
are observed in cells undergoing pathophysi-
ological EMT, which underlies the develop-
ment of several human pathologies, such as 
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The formation of epithelial cell barriers results from the defined spatiotemporal 
differentiation of stem cells into a specialized and polarized epithelium, a process 
termed mesenchymal–epithelial transition. The reverse process, epithelial–mesenchymal 
transition (EMT), is a metastable process that enables polarized epithelial cells to 
acquire a motile fibroblastoid phenotype. Physiological EMT also plays an essential 
role in promoting tissue healing, remodeling or repair in response to a variety of 
pathological insults. On the other hand, pathophysiological EMT is a critical step in 
mediating the acquisition of metastatic phenotypes by localized carcinomas. 
Although metastasis clearly is the most lethal aspect of cancer, our knowledge of the 
molecular events that govern its development, including those underlying EMT, remain 
relatively undefined. Transforming growth factor-" (TGF-") is a multifunctional cytokine 
that oversees and directs all aspects of cell development, differentiation and 
homeostasis, as well as suppresses their uncontrolled proliferation and transformation. 
Quite dichotomously, tumorigenesis subverts the tumor suppressing function of TGF-", 
and in doing so, converts TGF-" to a tumor promoter that stimulates pathophysiological 
EMT and metastasis. It therefore stands to reason that determining how TGF-" induces 
EMT in developing neoplasms will enable science and medicine to produce novel 
pharmacological agents capable of preventing its ability to do so, thereby improving 
the clinical course of cancer patients. Here we review the cellular, molecular and 
microenvironmental mechanisms used by TGF-" to mediate its stimulation of EMT in 
normal and malignant cells.
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chronic inflammation, rheumatoid arthritis 
and chronic fibrotic degenerative disorders of 
the lung, liver and kidney [1,2,4–6,8,9]. Along 
these lines, aberrant reinitiation of EMT also 
engenders the acquisition of invasive and meta-
static phenotypes in developing and progressing 
carcinomas, leading to their dissemination and 
colonization of distant organ sites suitable to 
support their metastatic growth. A common-
ality of physiological and pathophysiological 
EMT is their ability to be induced by TGF-", 
which is now recognized as a master regulator 
of this transdifferentiation process.

TGF-" is a ubiquitously expressed and 
multi functional cytokine that not only regu-
lates EMT, but also oversees the development, 
differentiation and survival of essentially all 
cell types and tissues [10–13]. TGF-" is also a 
powerful suppressor of cell growth and pro-
liferation, particularly in cells of epithelial, 
endothelial and hematopoietic origins [10–13]. 
Quite dichotomously, aberrations in the TGF-" 
signaling system regularly take place during 
tumori genesis and elicit resistance to its anti-
proliferative activities, contributing to the for-he for-
mation of human neoplasms. Upon being lib-
erated from the cytostatic activities of TGF-", 
cancer cells proliferate, invade and metastasize 
beyond their tissue of origin when stimulated 
by TGF-". How TGF-" suppresses these proc-
esses in normal epithelial cells is unclear, as is 

how TGF-" promotes these processes in their 
malignant counterparts. Despite the continued 
uncertainty of the molecular events associated 
with the diametric activities of TGF-", it is 
absolutely clear that this cytokine stimulates 
the two deadliest aspects of cancer, namely cell 
invasion and metastasis. Moreover, recent stud-
ies indicate that acquisition of metastatic pheno-cquisition of metastatic pheno-
types by carcinoma cells is critically dependent 
upon their ability to undergo EMT [4–6,8,14]. 
Indeed, TGF-" stimulation of EMT was origi-
nally demonstrated by Miettinen et al. [15], 
who observed that normal mammary epithelial 
cells (MECs) acquire fibroblastoid phenotypes 
in response to TGF-". In addition, TGF-"3-
deficient mice develop cleft palate due to defec-develop cleft palate due to defec-
tive palato genesis associated with aberrant EMT 
[16]. Similar inactivation of TGF-"2 function 
impairs endocardial cushion development in 
chick hearts due to their absence of Slug expres-
sion and its ability to activate EMT [17]. Finally, 
Smad3 deficiency affords protection against 
EMT-driven retinal [18,19] and renal [20] fibrosis 
in mice. Thus, these and other seminal stud-. Thus, these and other seminal stud-
ies have clearly established TGF-" as a master 
regulator of EMT. This review focuses on the 
myriad of evidence supporting this designation 
for TGF-", particularly the cellular, molecu-
lar and microenvironmental mechanisms that 
underlie the ability of TGF-" to induce EMT 
in normal and malignant cells.
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Figure 1. Epithelial cells transition to mesenchymal-like cells in response to TGF-". This schematic depicts polarized epithelial 
cells and their cuboidal structure that is maintained via cell–cell junctions comprised of homotypic E-cadherin molecules that are linked to 
the cortical actin cytoskeleton by $- and "-catenins. TGF-" stimulation of EMT during wound healing or tumor-invasive migration results 
in the delocalization, degradation and/or downregulation of cell–cell junctions and, consequently, a loss of epithelial integrity. In 
addition, the morphologic transition of epithelial cells is also supported by the simultaneous formation of actin stress fibers, the 
upregulation of integrins and the activation of focal adhesion complexes. Moreover, the increased production and secretion of ECM 
proteins, such as fibronectin and collagen, coupled with the elevated expression and activation of MMPs enables transitioned 
fibroblastoid-like cells to exhibit invasive and motile phenotypes.  
ECM: Extracellular matrix; EMT: Epithelial–mesenchymal transition; FAK: Focal adhesion kinase; MMP: Matrix metalloproteinase;  
T"R: TGF-" receptor; TGF: Transforming growth factor.
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TGF-" signaling & EMT
The general mechanisms whereby TGF-" acti-
vates responsive cells and regulates their behav-
ior is depicted in FIGURE 2 and FIGURE 3. As shown, 
transmembrane signaling by TGF-" commences 
via its binding to three high-affinity receptors, 
namely the TGF-" type I (T"R-I), type II 
(T"R-II) and type III (T"R-III or " -glycan). 
When and where it is expressed, T"R-III clearly 

is the most abundant TGF-" receptor on the cell 
surface where it functions as an accessory recep-
tor that binds and presents TGF-" to its signaling 
receptors, T"R-I and -II, both of which possess 
intrinsic Ser/Thr protein kinase activity in their 
cytoplasmic domains [11,12,21–23]. The binding of 
TGF-" to T"R-II enables the recruitment and 
activation of T"R-I, leading to its induction of 
canonical Smad2/3-dependent signaling. Once 
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Figure 2. Differential interactions of TGF-" receptors with transmembrane and membrane proximal proteins complexes 
facilitate the diversity of TGF-" signaling. "1 and "3 integrins interact physically with T"R-II [43–45]. The association of T"R-II with 
"3 integrin is mediated by FAK, which facilitates the binding of T"R-II to the SH2-binding protein, Grb2. In addition, T"R-II also interacts 
physically with EGFR [150], which is also activated indirectly by TGF-" through its increased synthesis and secretion of EGFR ligands. The 
cytoplasmic tails of both T"R-I and T"R-II interact with TRAF6, which ubiquitinates itself and the MAPKKK, TAK1. Additional interactions 
include the binding of p130Cas to Smad3, as well as that of PAR6 with T"R-I. Importantly, the differential composition of TGF-" receptor 
and scaffolding complexes directs the coupling of TGF-" to canonical and noncanonical effector activation, as well as underlies the 
pathophysiological conversion of TGF-" signaling and EMT in malignant epithelial cells. The biological outcomes of these various 
protein–protein interactions are discussed in the text.  
EGFR: Epidermal growth factor receptor; EMT: Epithelial–mesenchymal transition; FAK: Focal adhesion kinase; MAPK: Mitogen-activated 
protein kinase; TAK: TGF-"-activated kinase; T"R: TGF-" receptor; TGF: Transforming growth factor; TRAF: Tumor necrosis factor 
receptor-associated factor.
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activated, Smad2/3 form heterocomplexes with 
Smad4 and translocate into the nucleus, where 
they regulate the cell-type-specific expression of 
TGF-"-responsive genes [11,12,21–23]. It is inter-
esting to note that the variety of cell responses 
exhibited in response to TGF-" are governed pri-
marily by the cell-type-specific expression of var-
ious Smad2/3-interacting transcription factors 
(e.g., AP-1 and Forkhead family members, Stats, 
and so on [11,22]), as well as their association with 

additional transcriptional activators or repres-transcriptional activators or repres-
sors [11,12,21–23]. Moreover, the amplitude and 
duration of Smad2/3 signaling is modulated by 
several mechanisms, including the expression of 
adapter and/or anchoring proteins SARA [24], 
Hgs [25] and Dab2 [26], that enable Smad2/3 
phosphorylation by T"R-I, and the inhibitory 
Smad, Smad7, which prevents the phosphoryla-
tion of Smad2/3 [27–29] and induces the degrada-
tion of TGF-" receptors [30,31]. In addition, the 
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Figure 3. Diverse TGF-" signaling pathways support a complex transcriptional response during EMT. TGF-" stimulates 
epithelial cells by binding and activating two transmembrane Ser/Thr protein kinase receptors, namely TGF-" type I (T"R-I) and type II 
(T"R-II). Activation of these ligand:receptor ternary complexes requires T"R-II to transphosphorylate T"R-I, which phosphorylates and 
activates Smad2/3. Once activated, Smad2/3 form heterocomplexes with Smad4, which collectively translocate to the nucleus to mediate 
canonical signaling events by TGF-". Noncanonical TGF-" signaling takes place through its ability to stimulate various alternate signaling 
pathways discussed in detail herein. Activation of canonical Smad2/3 signaling results in their nuclear translocation with Smad4 and 
subsequent regulation of gene expression through their numerous interactions with additional transcriptional activators and repressors. 
Alternatively, activation of noncanonical TGF-" signaling, such as MAP kinases, small GTPases, PI3K/AKT and NF-%B, also couples TGF-" 
to its regulation of gene-expression profiles operant in mediating EMT. Finally, activation of the transcription factors belonging to the 
Snail family (e.g., Snail, Twist or ZEB1), or of Stat3 elicit EMT gene expression, which ultimately promotes the prolonged induction of EMT 
and fibroblastoid-like phenotypes of carcinoma cells via DNA methylation-mediated silencing of E-cadherin expression. Altered coupling 
of TGF-" to its canonical and noncanonical effector pathways leads to differential gene-expression patterns that ultimately contribute to 
the development of oncogenic signaling by TGF-". Indeed, the initiation of oncogenic signaling by TGF-" converts its regulation of 
physiological EMT in normal epithelial cells to one of pathophysiologic EMT in their malignant counterparts.  
EGFR: Epidermal growth factor receptor; EMT: Epithelial–mesenchymal transition; JNK: c-Jun N-terminal kinase; MAP: Mitogen-activated 
protein; MMP: Matrix metalloproteinase; NF: Nuclear factor; TAK: TGF-"-activated kinase; T"R: TGF-" receptor; TGF: Transforming 
growth factor.
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inhibitory functions of Smad7 are regulated by 
its interaction with STRAP [32], which poten-
tiates the anti-TGF-" activity of Smad7, and 
by its association either with AMSH2 [33] or 
Arkadia [34–36], both of which negate the anti-
TGF-" activity of Smad7. As alluded to above, 
the activation of Smad2/3 by TGF-" represents 
the canonical TGF-" signaling system, which is 
shown diagrammatically in FIGURE 3.

Also depicted in FIGURE 3 is the coupling of 
TGF-" to a variety of noncanonical signaling 
systems, including:
!"The mitogen-activated protein (MAP) kinases 

ERK1/ERK2, p38 MAPK and c-Jun N-ter-
minal kinase (JNK);

!"The growth and survival kinases PI3K, 
AKT/PKB and mTOR;

!"The small GTP-binding proteins Ras, RhoA, 
Rac1 and Cdc42 [37–45].

In addition, TGF-" typically represses nuclear 
factor (NF)-%B activity in normal epithelial 
cells [46,47], but readily activates this transcrip-
tion factor in their malignant counterparts [47–

51]. More recently, TGF-" has been shown to 
activate a number of protein tyrosine kinases 
(PTKs), including focal adhesion kinase (FAK) 
[52,53], Src [43–45,54], and Abl [55,56], which results 
in the inappropriate amplification of nonca-
nonical TGF-" signaling in mesenchymal or 
dedifferentiated epithelial cells. Moreover, 
imbalances in the activation status of canoni-
cal and non canonical TGF-" signaling systems 
may very well underlie the ability of TGF-" to 
induce EMT in normal and malignant cells. 
The importance of canonical and noncanonical 
TGF-" signaling systems to promote physiologi-
cal and pathophysiological EMT is presented in 
greater detail below.

Defining EMT
The phenomenon of EMT is defined by the 
morphologic and genetic transition of epithe-
lial cells to fibroblastoid- or mesenchymal-like 
cells. An inherent characteristic or hallmark of 
EMT, including that stimulated by TGF-", is 
the dramatic phenotypic change in epithelial 
cell morphology [4–6,8,14]. Typically, fully dif-
ferentiated epithelium manifests as a single layer 
of polarized epithelial cells comprised of well-
defined apical and basolateral surfaces, as well as 
a clearly demarcated actin cytoskeleton arranged 
into discrete ‘cobblestones’ that reflect regions of 
concentrated actin fibers at cell–cell junctions. 
In response to the initiation of EMT, cell–cell 

junctions disassemble and filamentous actin 
undergoes a dramatic redistribution to form 
prominent stress fibers, which is tracked experi-
mentally via the use of a fluorescently labeled 
mushroom toxin, phalloidin. The combined 
effect of these various cell biological activities is 
a loss of epithelial cell polarity (FIGURE 1).

Examining the biochemical and molecular 
alterations in cell–cell junction formation and 
dissolution has enabled science and medicine 
to garner a more complete assessment of the 
events underlying EMT. Indeed, a number of 
recent examinations have elucidated a vari-
ety of molecular complexes and scaffolds that 
govern the development of cell–cell junctions, 
including tight junctions, adherens junctions 
and desmosomes [5]. Not surprisingly, a series 
of coordinated and dynamic processes underlie 
formation of these macromolecular complexes 
during the development and maintenance of the 
epithelium, while changes in the expression and 
localization of junctional proteins constitute use-
ful measures to track the progression of EMT. 
For instance, tight junctions are formed by the 
actions of the transmembrane proteins, claudins, 
occludins and junctional adhesion molecules 
(JAMs), which are linked to the actin cytoskel-
eton via the scaffold proteins ZO-1, -2 and -3 
[57,58]. Moreover, following their formation, tight 
junctions and their constituents play essential 
roles in regulating the biology, homeostasis and 
architecture of epithelial cells, and in preventing 
the initiation of EMT and tumorigenesis [59]. By 
contrast, the initiation of EMT induces a dras-
tic modulation of tight-junction localization in 
epithelial cells [15,38]. For instance, the function 
of partitioning-defective 6 (Par6), which governs 
the formation of tight junctions, the establish-
ment of apical–baso lateral polarity, and the ini-
tiation of polarized cell migration [60], is com-
promised by its physical interaction with T"R-I 
and subsequent phosphorylation by T"R-II 
in epithelial cells stimulated with TGF-" [61]. 
Once phosphorylated, Par6 recruits and inter-
acts with the E3 ubiquitin ligase, Smurf1, which 
ubiquitinates the small GTPase, RhoA, leading 
to its degradation and subsequent dissolution 
of tight junctions during EMT stimulated by 
TGF-" [62]. The importance of Par6 to EMT 
induced by TGF-" is highlighted by the ability 
of T"R-II-resistant Par6 mutants (i.e., S345A-
Par6) to prevent MECs from undergoing EMT 
in response to TGF-" [61].

Unlike tight junctions, adherens junc-
tions consist of transmembrane E-cadherin 
(Epithelial-cadherin) proteins that are linked 
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to the actin cytoskeleton by $- and "-catenins 
[63]. TGF-" stimulation of EMT represses 
E-cadherin transcription (discussed below), as 
well as disrupts its localization at the plasma 
membrane in part via diminished activation of 
the small GTPase, Rac1 [62]. The net effect of 
altered E-cadherin function during EMT is the 
dissolution of adherens junctions. In addition, 
the loss of cell–cell contacts parallels the devel-
opment of prominent actin filaments and the 
appearance of fibroblastoid-like phenotypes in 
transitioning epithelial cells, processes requiring 
the activation of RhoA by TGF-" [64,65]. The 
mechanisms underlying TGF-" regulation of 
adherens junction expression and function are 
discussed below.

EMT, TGF-" & cell microenvironments
Maintaining homeostasis within cell micro-
environments is essential to alleviating disease 
development in humans, particularly cancer. 
Tumor development has been likened to that 
of dysfunctional miniature organs that house a 
mixture of malignant and normal cells, includ-
ing fibroblasts, endothelial and immune cells 
[66]. It is also important to remember that the 
growth and progression of tumors are not inher-
ent properties of the cancer cells themselves, but 
instead are dictated in large part by a delicate 
balance between positive and negative prolif-
erative signals produced by diverse cell types 
within tumor microenvironments. Indeed, 
alterations within tumor microenvironments 
can either suppress or promote cancer progres-
sion in a manner that mirrors the acquisition 
of oncogenic signaling by TGF-" in develop-
ing neoplasms. Biologically, TGF-" is a master 
inhibitor of cell-cycle progression; however, this 
cytokine also functions as a master regulator of 
extracellular matrix (ECM) production, depo-
sition and remodeling, all of which are essen-
tial processes during EMT. Along these lines, 
recent evidence has shown that TGF-" stimula-
tion of cancer progression proceeds in part via 
its reprogramming of cell microenvironments, 
particularly by its ability to target the behaviors 
of neighboring endo thelial cells (ECs) and fibro-
blasts. Moreover, ECs and fibroblasts typically 
respond to TGF-" by synthesizing and secreting 
numerous cytokines, growth factors and ECM 
components capable of driving the progression 
of tumors from indolent to aggressive states 
[67,68]. A vital component of normal and malig-
nant cell microenvironments is the ECM, which 
functions as a gel-like structural scaffold for 
cells comprised of poly saccharides and fibrous 

proteins, including collagen, fibronectin and 
elastin; as well as being a molecular sensor that 
monitors, detects and responds rapidly to physi-
ological and pathophysiological changes within 
cell microenvironments. Indeed, under physi-
ological conditions, the ECM serves as a storage 
reservoir that sequesters numerous growth fac-
tors and cytokines that can be rapidly released 
in response to ECM perturbations or insults, 
thereby circumventing the need for de novo 
protein synthesis to elicit biological behaviors 
[69]. Thus, the microenvironment of epithelial 
cells plays a critical role in maintaining their 
polarization and differentiation, processes that 
are disrupted temporarily during physiologi-
cal EMT and its modification of epithelial cell 
microenvironments. By contrast, chronic disrup-
tions within carcinoma cell micro environments 
elicits pathologic EMT and its ability to support 
cancer cell invasion and metastasis. TABLE 1 iden-
tifies numerous EMT-associated genes whose 
expression is regulated by TGF-", and readers 
desiring more in-depth discussions of the activi-
ties and functions of these genes in governing 
EMT and epithelial cell biology are directed to 
several recent reviews [1,2,4–6]. In the following 
sections, we highlight many of the mechanisms 
that underlie the ability of TGF-" to induce 
EMT and its associated alterations within the 
microenvironments of transdifferentiating cells.

Matrix metalloproteinases
Matrix metalloproteinases (MMPs) comprise a 
large family of proteases that regulate essential 
steps of embryogenesis and tissue morphogen-
esis, and of wound healing and cell growth. 
MMPs also possess the ability to degrade nearly 
all ECM and basement membrane components, 
as well as the ability to promote the develop-
ment and progression of human malignancies 
[70,71]. Along these lines, TGF-" enhances the 
tumorigenicity and invasiveness of breast can-
cer cells by inducing their expression of MMP-2 
and -9 [72,73], which is consistent with the gen-
eral importance of upregulated MMP expres-
sion in mediating the acquisition of invasive 
phenotypes in several cancers [74]. Indeed, aber-
rant MMP expression (e.g., MMP-7 or matri-expression (e.g., MMP-7 or matri-
lysin) facilitates the development of mammary 
fibrosis and desmoplasia, which increase tumor 
rigidity and the selection, expansion and dis- and the selection, expansion and dis-
semination of metastatic cells [75,76]. Similarly, 
upregulated MMP-3 expression is sufficient to 
induce lung and mammary fibrosis [77,78], and 
to stimulate EMT in carcinomas [79]. Thus, 
elucidating the connections between aberrant 
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MMP expression and the development of fibro-
sis and/or EMT will offer important clues as 
to how EMT promotes cancer progression. For 
instance, does pathophysiologic EMT solely 
mediate the acquisition of invasive pheno types 
by developing carcinomas, or does this event 
simply reflect the transdifferentiation of a sub-
set of carcinoma cells into tumor supporting 
stroma cells (e.g., myofibroblasts) [80]? Indeed, 
tumor-associated myofibroblasts upregulate 
their production and secretion of TGF-", which 
may serve in establishing a positive-feedback 
loop that drives the selection and expansion of 
metastatic carcinoma cells [81–83]. Collectively, 
these findings point to the need for additional 
studies to fully address these questions, particu-
larly since the expression and activity of MMPs 
alters the expression of E-cadherin, Snail, 
vimentin and TGF-" in a manner consistent 
with the induction of EMT [79].

Neuronal cell adhesion molecule
Neuronal cell adhesion molecule (NCAM) is 
a member of the immunoglobulin superfamily 
and has been implicated as a mediator of tumor 
progression and metastasis [84]. Recently, TGF-" 
stimulation of EMT was observed to induce 
NCAM expression in a manner correlated with 
downregulated expression of E-cadherin [85]. 
Functionally, upregulated expression of NCAM 
during EMT facilitates the formation of "1 
integrin-containing focal adhesion complexes 
[85]. Interestingly, the extracellular domain of 

NCAM is cleaved proteolytically by MMP-28 
(epilysin), which also induces EMT through 
its ability to activate latent TGF-" complexes 
from inactive ECM depots [86]. In addition, 
MMP-28 expression is also upregulated in a 
EMT-dependent manner in wounded epithe-
lial cells, and in metastatic breast cancer cells 
[87]. Thus, future studies need to determine the 
physiological and pathophysiological connec-
tions between NCAM, MMP-28 and TGF-" 
during the initiation of EMT in normal and 
malignant epithelial cells.

Urokinase plasminogen activator
Urokinase plasminogen activator (uPA) is a ser- is a ser-is a ser-
ine protease whose elevated expression in human 
cancer correlates with advanced disease states 
and poor clinical outcomes, presumably through 
its ability to promote cancer cell invasion and 
metastasis [88,89]. Accordingly, uPA expression is 
essential for breast and ovarian cancer metastasis 
in mice [90,91], and for hypoxia-induced EMT 
in breast cancer cells via uPA receptor-mediated 
activation of AKT and Rac1 [92]. TGF-" is a 
potent inducer of uPA expression, yet the role 
of this event in mediating EMT and metastasis 
stimulated by TGF-" remains to be elucidated 
fully. Recently, the activation of JNK1/2 was 
shown to be essential for TGF-" stimulation of 
uPA expression and EMT [93], which is consist-
ent with the notion that noncanonical TGF-" 
signaling promotes its oncogenic activities in 
epithelial cells.

Table 1. Expression of EMT-associated genes targeted by TGF-".

Study Gene name Expression change Ref.

Miettinen et al. (1994) E-cadherin Decrease [15]

Galliher et al. (2006) "3 integrin Increase [43]

Hazan et al. (2000) N-cadherin Increase [112]

Lehembre et al. (2008) NCAM Increase [85]

Duivenvoorden et al. (1999) MMP-2 Increase [72] 

Radisky et al. (2005); Farina et al. 
(1998)

MMP-3 Increase [79,236]

Kim et al. (2007); Farina et al. (1998) MMP-9 Increase [73,236]

Grunert et al. (2003) Vimentin Increase [117]

Masszi et al. (2003) $-Smooth muscle actin Increase [118] 

Ignotz et al. (1986) Fibronectin Increase [102]

Dhasarathy et al. (2007) Estrogen receptor-$ Decrease [203]

Farina et al. (1998) Urokinase plasminogen activator Increase [236]

Hocevar et al. (2001) Dab2 Increase [26]

Tumbarello et al. (2007) Hic5 Increase [157]

Thuault et al. (2006) HMG2A Increase [111]

EMT: Epithelial–mesenchymal transition.
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Plasminogen activator inhibitor-1
Plasminogen activator inhibitor-1 (PAI-1) is an 
antagonist of tissue-type plasminogen activator 
(tPA) and uPA, as well as a physical interactor 
of the ECM ligand, vitronectin [94,95]. tPA and 
uPA both activate the serine protease activity 
of plasminogens (or plasmins), resulting in the 
degradation of blood plasma proteins, such as 
fibrin and von Willebrand factor, and of ECM 
proteins, such as fibronectin, thrombospondin 
and laminin [95]. Through its ability to inhibit 
tPA and uPA, PAI-1 prevents the activation of 
intravascular and cell-associated plasminogen, 
and as such, impedes the breakdown of blood 
clots and ECM proteins necessary to enable carci-
noma cells to undergo invasion and extra vasation 
reactions during metastasis [95].

TGF-" is principal player involved in stimu-
lating PAI-1 transcription in part via activation 
of p53, which binds and stabilizes PAI-1 tran-
scripts [96,97]. Quite dichotomously, overexpres-
sion of PAI-1 has been observed to reduce the 
migration and invasion of breast and ovarian 
cancers [94,98]; however, PAI-1 polymorphisms or 
its aberrantly elevated expression have also been 
associated with a poor prognosis and the increased 
risk of metastasis in breast cancer patients [99]. 
Thus, the precise mechanisms underlying the 
dynamic relationship between PAI-1, plasmino-
gen and TGF-" regulatory loops, as well as their 
impact on cancer cell motility, remain an active 
and important topic of investigation.

Collagen
Collagen is an abundant ECM molecule that 
assembles into tensilely strong fibers that provide 
mechanical support to tissues. The major types 
of collagen, types I–IV, are distributed differen-
tially in specific tissues of the body. For instance, 
collagen IV is a major component of the basal 
lamina, a specialized component of the basement 
membrane in the mammary gland. Invading 
breast cancer cells must degrade collagen IV to 
migrate into surrounding tissue. Interestingly, 
Endo180 is a cell-surface receptor that promotes 
the uptake of collagen for its degradation intracel-
lularly. Moreover, Endo180 expression is elevated 
significantly in highly invasive breast cancer cells; 
induced transcriptionally by TGF-" stimulation 
in breast cancer cells; and reduces the collagen 
content and enhances the growth of mammary 
tumors produced in mice [100]. In addition, 
TGF-" also governs collagen function by upregu-
lating the expression of MMP-2 and other collage-
nases in normal and malignant MECs, leading to 
their enhanced migration and invasion [72,73,101].

Fibronectin
Fibronectin is a large and critical ECM glyco-
protein whose elevated production by cancer 
cells is classically associated with the acquisition 
of EMT, and more recently, with the develop-
ment of the metastatic niche [67]. TGF-" is a 
potent inducer of fibronectin production and 
deposition into the ECM [102], where it binds 
integrins and regulates cell adhesion and motil-
ity. The synthesis and secretion of fibronectin 
into the ECM is primarily mediated by fibro-
blasts, and by epithelial cells induced to undergo 
EMT (TABLE 1) [103]. With respect to the latter, 
nontumorigenic EpH4 MECs engineered to 
express oncogenic Ras (i.e., EpRas cells) signifi -Ras (i.e., EpRas cells) signifi - cells) signifi-
cantly upregulate their expression of fibronectin 
and its receptor, $5"1 integrin, when stimulated 
with TGF-" [104]. More importantly, adminis-
tration of neutralizing $5 integrin antibodies 
to TGF-"-treated EpRas cells inhibited their 
migration and induced a significant apoptotic 
response [104]. Thus, the synthesis and deposition 
of fibronectin, coupled with changes in expres-
sion and activation of integrins (see below), 
clearly represent an important mechanism that 
enables TGF-" to stimulate invasive migration 
during EMT.

Cadherin switching
A phenotypic hallmark of EMT is its ability 
to downregulate the expression and function 
of E-cadherin, which is critical in mediating 
epithelial cell integrity and cell–cell adhe-
sion [105]. Reduced E-cadherin expression in 
developing and progressing carcinomas takes 
places through several mechanisms that func-
tion en masse to promote cancer cell invasion 
[5]. For instance, E-cadherin can be inactivated 
by genetic mutations, and humans harboring 
these E-cadherin mutations have significantly 
increased risk of developing cancer [106]. In 
addition, epigenetic silencing of the E-cadherin 
(CDH1) promoter via hypermethylation of its 
5́  CpG island also enhances the development 
of carcinomas [107]. Along these lines, TGF-" 
stimulation of EMT also represses the syn-
thesis of E-cadherin transcripts in large part 
via its ability to induce the expression of the 
Snail/ZEB family of basic helix-loop-helix 
transcription factors, including that of Snail1, 
ZEB1, Snail2/Slug, Twist and ZEB2/SIP1 
[105,108–110]. Although the relative contribution 
of canonical and noncanonical TGF-" signaling 
in mediating transcriptional activation of these 
E-cadherin repressors remains to be determined 
definitely, recent evidence suggests that these 
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events do take place in a cell type-specific man-
ner in response to TGF-". For example, activa-
tion of Smad2/3 by TGF-" in MECs induces 
their expression of the nuclear high mobility 
group A2 (HMGA2), which promotes EMT 
by stimulating the expression of Snail1, Snail2/
Slug and Twist, and by inhibiting the expres-
sion of inhibitor of differentiation 2 (ID2) [111]. 
In addition, while the functional consequences 
of diminished E-cadherin expression on the 
behavior of transitioning epithelial cells is well 
established, recent studies have determined that 
these same cells also exhibit upregulated expres-
sion of N-cadherin (i.e., neuronal-cadherin) [65], 
an event linked to elevated cell motility and poor 
clinical outcomes in cancer patients [112–114]. At 
present, the necessity of increased N-cadherin 
expression in mediating EMT, particularly that 
stimulated by TGF-", remains to be clarified. 
Indeed, we [45] and others [115,116] recently estab-
lished murine 4T1 breast cancer cells as a model 
of advanced-stage breast cancer whose increased 
malignancy is governed by TGF-". Interestingly, 
while 4T1 cells undergo EMT and downregu-
late E-cadherin when stimulated by TGF-" 
[44,45], these cells fail to express and/or elevate 
their expression of N-cadherin during EMT 
initiated by TGF-" [Wendt MK, Schiemann WP. 

University of Colorado Denver, CO, USA. Unpublished 

data]. Thus, future studies aimed at determining 
the exact nature of N-cadherin in promoting the 
acquisition of EMT and metastatic phenotypes 
are clearly warranted.

Vimentin
The intermediate filament protein vimentin is 
expressed in all primitive cell types, but not in 
their differentiated counterparts. In light of its 
role as a master regulator of EMT, it perhaps 
is not surprising to learn that TGF-" stimula-
tion of EMT reactivates vimentin expression in 
dedifferentiating epithelial cells, an event that 
serves as a canonical marker for detecting fully 
transitioned epithelial cells and their acquisition 
of fibroblastoid-like phenotype [117].

$-smooth muscle actin
A major component of contractile micro-
filaments is $-smooth muscle actin ($-SMA), 
which also serves as a canonical marker for 
detecting fibroblasts/mesenchymal cells, partic-
ularly myo fibroblasts. Indeed, during its induc-
tion of EMT, TGF-" stimulates $-SMA expres-
sion in transitioning epithelial cells [118], an event 
associated with increased tumor invasion and 
decreased patient survival rates [119].

Transmemberane & membrane proximal 
protein complexes that impact TGF-" 
signaling & EMT

Recent evidence suggests that cell-surface signal-
ing receptors, such as receptor tyrosine kinases 
(RTKs) and G-protein-coupled receptors, do not 
function in isolation and instead require acces-
sory signaling inputs that arise from interacting 
receptors and signaling modules. As shown in 
FIGURE 2, the function and behavior of TGF-" 
receptors are also modulated via their associa-
tion with an ever-expanding array of receptor-
interacting molecules and scaffolding proteins. 
Included in this growing list of TGF-" receptor 
regulators are members of the integrin super-
family of heterodimeric transmembrane adhe-
sion receptors, which function as direct physical 
conduits that link the ECM to the cytoskeleton 
of the cell [120,121]. Integrin signaling commences 
upon their clustering and subsequent stimula-
tion of the Ser/Thr protein kinase integrin-
linked kinase (ILK), as well as members of the 
Src family of PTKs and FAK, leading to the acti-
vation of a vast array of downstream effectors, 
including members of the MAP kinase family of 
protein kinases, members of the Ras/Rho family 
of small GTPases and members of the PI3K and 
AKT signaling axes [120–124]. Integrins also regu-
late cell behavior through their ability to form 
complexes with RTKs [125,126]. For instance, "1 
integrins form FAK-dependent complexes with 
the receptors for EGF, PDGF and HGF [126,127], 
and in doing so, enable growth factor-mediated 
induction of cell migration and invasion [126]. 
Interestingly, the scaffolding function of FAK is 
independent of its PTK activity, but does require 
its N-terminal FAK Ezrin Radixin Moesin 
(FERM) domain and C-terminal focal adhe-
sion targeting (FAT) domain to bind RTKs and 
"1 integrins, respectively [126]. Lastly, the estab-
lishment of EMT phenotypes in cultured cells, 
as well as the development of late-stage cancers 
and their acquisition of invasive and metastatic 
phenotypes, both have been linked to dramatic 
changes in the expression and localization of 
integrins in epithelial cells [104,128].

In addition to its regulation of cell-cycle pro-
gression, TGF-" also figures prominently in medi-
ating ECM remodeling and repair via its ability 
to regulate integrin expression [129–131]. Moreover, 
$v"6 and $v"8 integrin ligation promotes the 
activation of TGF-"1 and TGF-"3 from inactive 
ECM depots [132–137], which regulates alveolar 
development, wound closure, fibrosis and EMT 
[130,132,138–140]. In addition, epidermal transgenic 
expression of $6"4 integrin also elicits elevated 
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development of metastatic papillomas and carci-
nomas in a chemical carcinogenesis model of skin 
cancer. Importantly, the tumorigenicity associ-
ated with $6"4 integrin expression was linked 
to its ability to uncouple TGF-" from activating 
Smad2/3 and preventing cell-cycle progression 
[141]. Similar reciprocity between integrins and 
TGF-" is observed in cancers of the prostate, 
whose metastasis to bone is stimulated by TGF-" 
and its induction of $2"1 integrin, which binds to 
bone-derived type I collagen [142]. Thus, the abil-
ity of TGF-" to stimulate cancer progression and 
metastasis requires an intricate interplay between 
signals arising from TGF-" receptors and those 
initiated by integrins. Accordingly, integrins have 
been found to associate with TGF-" receptors 
and play a critical function in coupling TGF-" 
to activation of its noncanonical effectors, and to 
its induction of EMT. For instance, neutralizing 
"1 integrin antibodies abrogated the ability of 
TGF-" to activate p38 MAPK and induce EMT 
in MECs [39]. Similarly, hepatocellular carcinoma 
cells elevate their expression of $3"1 integrin in 
response to TGF-", an event that enhances their 
motility and invasiveness [143]. Moreover, admin-
istering laminin-5 together with TGF-" stimu-
lated hepatocellular carcinoma cells to undergo 
EMT in an $3 integrin-dependent manner [144], 
further demonstrating the necessity of integrins 
to cooperate with TGF-" to induce EMT and 
invasion in transitioning cells.

We also described the functional cooperation 
between integrins and TGF-" in promoting EMT, 
as well as in stimulating the development and pro-
gression of mammary tumors. For instance, we 
found the expression and activity of $v"3 integrin 
and its downstream effector Src to be essential for 
TGF-" stimulation of MEC proliferation, inva-
sion and EMT [43–45]. In addition, transgenic 
expression of $v"3 integrin not only negated the 
cytostatic response of normal MECs to TGF-", 
but also enhanced its stimulation of MEC invasion 
and p38 MAPK activation. Importantly, inactiva-
tion of either $v"3 integrin or Src function abol-
ished the ability of TGF-" to stimulate EMT and 
invasion in normal and malignant MECs [43,44]. 
Mechanistically, "3 integrin interacts physically 
with T"R-II, leading to its:

!"Phosphorylation on Y284 by Src;

!"Interaction with Grb2 and Shc at phosphorylated 
Y284;

!"Activation of p38 MAPK;

!"Stimulation of EMT and invasive migration 
in normal and malignant MECs [44].

Along these lines, the growth and meta stasis 
of breast cancer cells in mice absolutely required 
T"R-II to be phosphorylated on Y284, a phos-
photransferase reaction that disrupts the delicate 
balance between canonical and non canonical 
TGF-" signaling inputs activated during mam-
mary tumorigenesis [45]. In addition to its ability 
to promote pulmonary metastasis stimulated by 
TGF-" [45], $v"3 integrin expression also directs 
breast cancer cell metastasis to bone [145,146] and 
lung [146], in part through a TGF-"-dependent 
pathway. Collectively, these findings suggest 
that pharmacological targeting of noncanoni-
cal TGF-" effectors, particularly $v"3 integrin, 
Src and p38 MAPK, may prove efficacious in 
treating metastatic breast cancers.

Besides integrins, a growing number of intra-
cellular proteins have also been shown to interact 
with and regulate the activity of TGF-" recep-
tors. For instance, two members of the focal 
adhesion complex, namely FAK and its down-
stream effector p130Cas (p130Crk-associated 
substrate), both influence the cellular response 
to TGF-" through dramatically different mech-
anisms. Indeed, TGF-" stimulates FAK and its 
relative PYK2 during EMT [147], leading to the 
activation of JNK and the subsequent upregu-
lation $-SMA in fibroblasts [148]. In addition, 
FAK activation in hepatocytes is necessary 
for the downregulation and declocalization of 
E-cadherin from the plasma membrane [149]. 
Finally, we recently established FAK as a molecu-
lar scaffold that facilitates the formation of onco-
genic "3 integrin: T"R-II complexes and their 
activation of Src and interaction with Grb2 [150]. 
Moreover, the ability of FAK to form these sig-
naling complexes is essential for TGF-" stimula-
tion of p38 MAPK in breast cancer cells, as well 
as for their induction of EMT and metastasis 
stimulated by TGF-" [45,150]. Thus, the aberrant 
recruitment of FAK to TGF-" receptors readily 
influences the oncogenic conversion of TGF-" 
from a tumor suppressor to a tumor promoter, 
including its stimulation of pathophysiological 
EMT in carcinoma cells.

In stark contrast to FAK, the incorporation of 
p130Cas into active TGF-" receptor complexes 
alters the coupling of TGF-" to the canonical 
Smad2/3 pathway. Indeed, the activation and 
phosphorylation of p130Cas following cellular 
adhesion to ECM matrices led to its association 
and inactivation of Smad3, and to diminished 
cytostatic activity of TGF-" [151]. Similarly, we 
find that rendering malignant, metastatic MECs 
deficient in p130Cas enhances Smad2/3 activa-
tion by TGF-", but fails to alter its coupling to 

billspowerbook
Typewritten Text

Juanita.Livingston
Typewritten Text

Juanita.Livingston
Typewritten Text



www.futuremedicine.com 1155future science group

Mechanisms of the epithelial–mesenchymal transition by TGF-" Review

p38 MAPK; however, this same cellular condi-
tion selectively inhibited breast cancer metastasis 
only in cells that possessed heightened TGF-" 
signaling [Wendt MK, Schiemann WP. University of 

Colorado Denver, CO, USA. Unpublished data], suggest-
ing that p130Cas acts as a molecular integrator 
of canonical Smad2/3 signaling when confronted 
with elevated oncogenic behavior mediated by 
the receptors for TGF-" or EGF [152].

Recently, the regulation of TGF-" signaling 
has been shown to be modulated by two addi-
tional adapter proteins that localize to focal 
adhesions, namely Hic5 and Disabled-2 (Dab2). 
Indeed, Hic5 is a member of the paxillin super-
family and, like paxillin, functions as an adapter 
protein at focal adhesions [153], as well as resides in 
the nucleus where it functions as a transcriptional 
coactivator in regulating gene expression induced 
by the androgen [154] and glucocorticoid receptors 
[155,156]. Moreover, Hic5 expression is low in qui-
escent MECs, but is induced rapidly via a RhoA/
ROCK-dependent pathway following adminis-
tration of TGF-" [153]. In addition, uncoupling 
Hic5 from TGF-" regulation prevents its induc-
tion of EMT in normal MECs [157]. Thus, Hic5 
plays an essential role in coupling TGF-" recep-
tors to activation of RhoA/ROCK and, conse-
quently, to the induction of EMT. Along these 
lines, Dab2 was identified originally as an ovarian 
tumor suppressor gene [158,159] that regulates the 
actin cytoskeletal architecture during cell migra-
tion and adhesion [160]. More recently, Prunier 
et al. [161] established Dab2 as a novel gene target 
of TGF-" in MECs undergoing EMT in part via 
its ability to:
!"Associate with TGF-" receptor complexes [26]

!"Promote Smad2/3 activation by TGF-" 
receptors [26]

!"Stimulate the activation of TAK1 and JNK, 
which induced fibronectin expression and 
enhanced cell motility [162]

Along these lines, TGF-" stimulates Dab2 
expression in MECs undergoing EMT, which 
promotes the formation of Dab2:"1 integrin 
complexes and their activation of FAK [161]. 
Importantly, measures capable of disrupting 
Dab2 function prevents EMT stimulated by 
TGF-", as well as promotes its ability to induce 
apoptosis in MECs. Although the molecular 
mechanisms underlying the ability of TGF-" to 
stimulate Dab2 expression remains to be defined, 
these studies do provide interesting insights into 
the connections that govern alterations in cell 
survival and morphology regulated by TGF-".

Finally, two laboratories recently identified a 
novel collaboration between signaling molecules 
activated by TNF-$ and those activated by TGF-
". Indeed, both studies demonstrated the ability 
of TGF-" to induce the physical association of its 
receptors with that of TNF receptor-associated 
factor 6 (TRAF6) [163,164], leading to K63-linked 
polyubiquitination and activation of TAK1 and its 
subsequent stimulation of p38 MAPK and JNK. 
Moreover, whereas TRAF6 deficiency had no 
effect on the coupling of TGF-" to Smad2/3, this 
same cellular condition uncoupled TGF-" from 
activation of MAP kinases and prevented this 
cytokine from inducing EMT in normal MECs 
[164]. Taken together, these studies reinforce the 
notion that imbalances in the TGF-" signaling 
system that favor its activation of noncanonical 
effectors over that of its canonical Smads are cru-
cial to its induction of EMT in normal and malig-
nant epithelial cells. These findings also point to 
the need for additional studies to define precisely 
how these aberrant protein complexes and mod-
ules impact the epithelial cell response to TGF-", 
and how science and medicine can better target 
these effector molecules that promote oncogenic 
signaling and EMT initiation by TGF-".

Signaling systems involved in EMT 
stimulated by TGF-"

Transmembrane signaling by TGF-" is tra-
ditionally associated with its activation of 
Smad2/3 and their ability to alter the transcrip-
tion of TGF-"-responsive genes, which clearly 
play an important role in mediating the abil-
ity of TGF-" to induce EMT, tumor formation 
and cancer cell metastasis [165]. The necessity of 
Smads 2 and 3 for TGF-" stimulation of EMT 
has been reviewed extensively in the scientific 
literature, and readers desiring a more in-depth 
description of Smad2/3 function in regulating 
EMT in normal and malignant cells are directed 
to several recent reviews [4,5,11]. As alluded to 
above, the enhanced coupling of TGF-" to its 
noncanonical effectors figures prominently in 
mediating its biological and pathological behav-
iors, particularly its ability to induce EMT and 
cancer cell metastasis. TABLE 2 lists a variety of 
noncanonical effectors targeted by TGF-" dur-
ing its activation of EMT, while the role of these 
signaling molecules during epithelial cell EMT 
induced by TGF-" is discussed below.

Rho family of small GTPases
The Rho family of small GTPases is comprised of 
RhoA, Rac1 and Cdc42, which regulate the for-
mation of stress fibers, lamellipodia or filopodia, 
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respectively [166,167]. Indeed, Rac1 is an estab-
lished inducer of cell–cell adhesions in epithelial 
cells [168], which contrasts sharply with the abil-
ity of RhoA to dissolve these adhesive complexes 
to facilitate times of cell migration [62]. Given 
the importance of these small GTPases in over-
seeing cell adhesion, morphology and migration, 
it is fitting to find that these effectors are inti-
mately involved in EMT stimulated by TGF-". 
For instance, the activation of RhoA by TGF-" 
enables MECs to undergo EMT, while measures 
capable of inhibiting RhoA function or that of 
its downstream effector, p160ROCK, uncouple 
TGF-" from EMT in MECs [65]. Moreover, 
RhoA activation is also essential for TGF-" stim-
ulation of $-SMA expression in renal epithelial 
cells undergoing EMT [118]; however, comple-
tion of this same cellular event in lens epithelial 
cells requires signaling inputs from both RhoA/
ROCK and Smad2/3 [169]. Taken together, these 
studies point to the overall importance of non-
canonical TGF-" signaling, particularly that 
induced by RhoA/ROCK, to induce EMT in 
epithelial cells.

PI3K/AKT
The tumor-suppressing activity of TGF-" not 
only reflects its ability to induce cytostasis, but 
also its propensity to activate apoptosis in epi-
thelial cells [10,11,13,170]. Interestingly, the ability 
of TGF-" to stimulate apoptosis is frequently 
subverted during tumorigenesis, leading to 
enhanced cancer cell survival via activation 
of the PI3K and AKT signaling systems by 
TGF-". Indeed, administration of PI3K inhibi-
tors to MECs inhibits their activation of AKT 
and ability to undergo EMT in response to 
TGF-" [38]. The activation of AKT by TGF-" 
can transpire directly via TGF-" receptors or 
indirectly via the transactivation of EGF [171] 

and PDGF [172] receptors, which induce the 
expression of genes operant in mediating cancer 
cell EMT, metastasis and survival. In addition 
to altering gene-expression profiles, AKT also 
regulates mRNA translation when impacting 
the response of epithelial cells to TGF-". For 
instance, TGF-" stimulation of EMT in MECs 
is accompanied by an increase in cell size and 
protein content, both of which correlate with 
the rapid activation of mammalian target of 
rapamycin (mTOR) in transitioning MECs 
[40]. Somewhat unexpectedly, administering the 
mTOR inhibitor, rapamycin, to MECs failed to 
affect their acquisition of an EMT morphology 
in response to TGF-"; however, this same cel-
lular condition completely prevented the ability 
of TGF-" to increase MEC size and protein 
production, as well as inhibited their migra-
tion and invasion [40]. Taken together, these 
findings highlight an important bifurcation 
in the TGF-" signaling system that dissociates 
the ability of TGF-" to alter cell morphology 
from its ability to elevate cell motility. Future 
studies need to identify the transcriptional and 
translational objectives targeted by TGF-", as 
well as determine their relative contribution to 
oncogenic signaling stimulated by TGF-" in 
normal and malignant cells.

Integrin-linked kinase
In addition to their stimulation of PTKs, the 
ECM engagement of "1 and "3 integrins also 
activates the Ser/Thr protein kinase integrin-
linked kinase (ILK) and its ability to medi-
ate the stimulation of MAP kinases, PI3K/
AKT and small GTPases; and the inhibition 
of GSK3" [173–175]. Accordingly, targeting ILK 
expression to mouse mammary glands elicited 
a hyperplastic reaction that progressed to full-
blown breast cancer in part via constitutive 
activation of ERK1/2 and AKT, which inacti-
vated GSK3" [176]. Elevated ILK expression is 
associated with the acquisition of EMT pheno-
types by MECs, including reductions in their 
expression of E-cadherin and adhesion, as well 
as increases in their formation of actin stress 
fibers and invasion [177]. ILK also participates 
in EMT stimulated by TGF-" by coupling this 
cytokine to its activation of AKT [178], and to 
its elevated expression of MMP-2 and uPA [91]. 
Collectively, these findings suggest that ILK 
may function analogously to FAK in mediat-
ing oncogenic signaling by TGF-", and as such, 
suggest that ILK interfaces integrin signaling 
with that stimulated by TGF-" in epithelial 
cells undergoing EMT.

Table 2. Signaling pathways activated during epithelial–mesenchymal 
transition stimulated by TGF-".

Study Pathway Ref.

Piek et al. (2001) Smad2/3 [237]

Bhowmick et al. (2001) Rho family of small GTPases [65]

Bakin et al. (2000) PI3K and AKT [38]

Huber et al. (2004) NF-%B [180]

Xie et al. (2004) ERK1/2 [184]

Bhowmick et al. (2001); Galliher & 
Schiemann (2006; 2007; 2008)

p38 MAPK [39,43–45]

Hocevar et al. (1999) JNK [186]

Lin et al. (2007); Lee et al. (2004) Integrin-linked kinase [91,178]

ERK: Extracellular signal-regulated kinase; JNK: c-Jun N-terminal kinase; MAPK: Mitogen-activated 
protein kinase; NF: Nuclear factor; TGF: Transforming growth factor.

Juanita.Livingston
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NF-%B
NF-%B is a principal player involved in regulat-
ing the production of proinflammatory cytokines 
[179], and in stimulating tumor growth, vascular-
ization, survival and invasion [179]. In addition, 
NF-%B activity was observed to be essential in 
mediating the ability of Ras-transformed breast 
cancer cells to undergo EMT and colonize the 
lung when stimulated by TGF-" [48,180]. Along 
these lines, NF-%B activity also associates with 
several hallmarks of EMT, including down-
regulated E-cadherin expression and upregulated 
expression of vimentin [181]. It is interesting to 
note that TGF-" typically represses NF-%B activ-
ity in normal epithelial cells [47,182,183], but readily 
induces the activation of this transcription factor 
in their malignant counterparts [47,183]. Recently, 
we demonstrated that the activation of NF-%B 
by TGF-" transpires via the aberrant formation 
of a TAB1:xIAP:TAK1:IKK" signaling module 
that only materializes in malignant MECs, or 
in normal MECs following their induction of 
EMT by TGF-" [47]. Functionally, the forma-
tion of TAB1:xIAP:TAK1:IKK" complexes is 
essential for TGF-" stimulation of Cox-2 expres-
sion and its induction of EMT and invasion in 
normal and malignant MECs [47,183], as well as 
mammary tumor growth in immunocompetent 
and immunocompromised mice [47], suggesting a 
potentially important role of NF-%B in regulating 
innate immunity by TGF-". Collectively, these 
findings demonstrate the role of NF-%B in sup-
porting the development of oncogenic signaling 
by TGF-" in normal and malignant cells, par-
ticularly its ability to drive the growth, metastasis 
and EMT of tumors in response to TGF-".

MAP kinases
Members of the MAP kinase family of protein 
kinases, which includes ERK1/2, JNKs and p38 
MAPKs, have all been implicated in mediat-
ing EMT and metastasis stimulated by TGF-" 
[39,184,185]. For instance, pharma cological inhi-
bition of ERK1/2 in MECs uncouples TGF-" 
from inducing EMT and its associated forma-
tion of stress fibers and delocalization of ZO-1 
and E-cadherin [184]. Similarly, inactivation 
of JNK also prevents the ability of TGF-" to 
stimulate the morphological and transcriptional 
changes that drive EMT in epithelial cells [93,162]. 
Indeed, the activation of JNK by TGF-" induces 
fibronectin expression during EMT, and dur-
ing fibroproliferative disorders that may progress 
to carcinoma [186]. Along these lines, collagen I 
and other ECM proteins can promote EMT via 
their activation of PI3K, Rac1 and JNK [187]; 

however, while it remains to be determined 
whether TGF-" is intimately involved in this 
ECM-dependent induction of EMT, it seems 
likely that the ability of TGF-" to stimulate the 
synthesis and secretion of ECM components is 
reciprocated by the ability of the ECM to estab-
lish paracrine and autocrine TGF-" signaling 
loops that perpetuate EMT in normal and 
malignant epithelial cells. 

Besides its ability to activate ERK1/2 and JNK, 
TGF-" also stimulates p38 MAPK during its 
induction of EMT in normal and malignant cells 
[39]. Interestingly, the activation of p38 MAPK 
by TGF-" requires the expression and activity 
of either "1 or "3 integrins [39,43,44]. Indeed, we 
established the necessity of "3 integrin to form 
oncogenic signaling complexes with T"R-II, 
resulting in its phosphorylation on Y284 by Src 
[43,44]. Once phosphorylated, Y284 functions as a 
SH2-binding site that coordinates the recruitment 
of either ShcA or Grb2, as well as their subsequent 
activation of p38 MAPK [44]. Most importantly, 
pharmacologic or genetic inactivation of this 
oncogenic signaling axis prevented TGF-" from 
stimulating the growth and pulmonary metastasis 
of breast cancers produced in mice [45]. Finally, 
the activation of p38 MAPK not only induces 
EMT, but also stimulates the expression of pro-
metastatic genes, particularly T"R-II and MMPs 
2 and 9 [188,189], which collectively points to the 
importance of inappropriate p38 MAPK activa-
tion in mediating the conversion of TGF-" from 
a tumor suppressor to a tumor promoter.

Mechanisms of gene regulation by TGF-"
The importance of aberrant genetic and epi-
genetic events in promoting tumorigenesis is 
highlighted by the consistent and repeated find-
ing that cancer cells that have lost their ability 
to regulate various rate-limiting steps that nor-
mally suppress malignant development. These 
un toward events typically are associated with:
!"Mutational activation of oncogenes

!"Mutational inactivation of tumor suppres-
sor genes

!"Amplified or silenced expression of genes 
coupled to the development of cancer 
hallmarks [190]

Although many of the signaling systems and 
genes targeted by TGF-" during its activation of 
EMT have been discussed above, the succeeding 
sections focus on the transcriptional mechanisms 
that orchestrate its transitioning of epithelial cells 
into their mesenchymal counterparts (FIGURE 3).
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Nuclear factors
The Snail family of transcription factors are 
master regulators of EMT and include:
!"SNAI1 (Snail) and SNAI2 (Slug)

!"Two ZEB factors: ZEB1 and ZEB2 (SIP1)

!"FOXC2 [110,191]

Indeed, the binding of Snail to conserved E-box 
sequences present in E-cadherin promoter is clas-
sically associated with EMT and the repression of 
E-cadherin expression, as well as that of the afore-
mentioned cell polarity genes, occludin and clau-
din [192]. The essential function of various Snail 
family members in mediating EMT and cancer 
metastasis has been extensively reviewed, and as 
such, readers desiring a more in-depth descrip-
tion of their functions and behaviors in govern-
ing EMT are directed to several recent reviews 
[109,191]. Besides Snail family members, emerging 
evidence also implicates dysregulated Myc expres-
sion in promoting the ability of epithelial cells 
to undergo EMT in response to TGF-". Indeed, 
the tumor-suppressing activity of TGF-" is inti-
mately linked to its ability to rapidly repress Myc 
expression in epithelial cells [11,13]. Accordingly, 
uncoupling TGF-" from regulation of Myc 
expression is a common occurrence in develop-
ing carcinomas, resulting in their insensitivity to 
cytostasis mediated by TGF-" [193,194]. Somewhat 
unexpectedly, Myc was recently observed to func-
tion co operatively with Smad4 to induce Snail 
expression during TGF-" stimulation of EMT in 
MECs [195]. Taken together, these findings sug-
gest that Myc functions as a molecular detector 
that enables epithelial cells to sense TGF-" as a 
mediator of cytostasis or EMT.

STAT3
Signal transducer and activator of transcription 3 
(STAT3) is a critical component of cell survival 
and proliferative responses, and its inappropri-
ate activation can endow this transcription factor 
with oncogene-like properties in developing and 
progressing neoplasms [196]. A recent study has 
suggested that TGF-" couples to STAT3 phos-
phorylation and activation via a protein kinase 
A (PKA)-dependent mechanism [197]. Moreover, 
STAT3 activation by TGF-" is necessary for its 
ability to induce apoptosis and EMT [197], and to 
stimulate the invasion and metastasis of Smad4-
deficient pancreatic cancer cells [198]. In addition, 
carcinoma cells that overexpressed epidermal 
growth factor receptors (EGFR) readily acquired 
EMT phenotypes when stimulated with epider-
mal growth factor (EGF), a cellular reaction 

that required EGF/EGFR to activate STAT3 
and its subsequent upregulation of TWIST [199]. 
Thus, while several studies have shown EGF to 
cooperate with TGF-" in mediating tumorigen-
esis, the extent to which this tumor- and EMT-
promoting alliance requires STAT3 remains to 
be determined definitively.

Estrogen receptor-$
Aberrant repression of the nuclear hormone recep-
tor, estrogen receptor#&ER)-$' has long been rec-
ognized as a major event that promotes the devel-
opment and progression of mammary tumors, as 
well as significantly worsens the clinical prognosis 
of patients with metastatic breast cancer [200, 201]. 
In addition to its prominent role in regulating 
mammary gland development and homeosta-
sis, ER-$ also prevents the ability of malignant 
MECs to acquire EMT and metastatic pheno-
types, doing so via its stimulation of metastasis 
tumor antigen 3 (MTA3) expression, which in 
turn represses the expression of Snail [202]. Thus, 
inactivation or loss of ER-$ in MECs promotes 
their EMT and invasion by allowing for their 
expression of Snail. Somewhat surprisingly, con-
stitutive Snail expression in breast cancer cells was 
observed to inhibit ER-$ expression [203], lead-
ing to enhanced invasion of these ER-$-deficient 
breast cancer cells. It is interesting to note that 
the physiological actions of estrogen in mam-
mary tissues typically oppose those of TGF-". 
Accordingly, inactivation of ER-$ signaling led to 
elevated expression of components of the TGF-" 
signaling system and, presumably, to enhanced 
EMT in breast cancer cells [203]. Thus, Snail 
appears to function as a novel molecular sensor 
that integrates the opposing cellular functions of 
ER-$ and TGF-", particularly their ability to 
inhibit and stimulate EMT, respectively.

TGF-", microRNAs & EMT
A number of recent studies have established 
microRNAs as important players that participate 
in cell and tissue development, as well as in con-
trolling cell proliferation and motility through 
their ability to repress mRNA translation, or to 
induce mRNA degradation [204–207]. These stud-
ies have also shown that a single microRNA can 
repress the translation of multiple transcripts, 
and as such, dysregulated expression of a single 
microRNA, either positively or negatively, could 
initiate a cascade of gene silencing events capa-
ble of eliciting disease development in humans, 
including cancer. Accordingly, aberrant regula-
tion of several microRNAs (or miRs) is observed 
in human cancers (see [208]), especially in those of 
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the breast, which can in fact be subtyped based 
on their differential expression of various microR-
NAs [206,209]. Along these lines, microRNAs also 
play a prominent role in regulating the expression 
of EMT-related genes. For instance, members of 
the miR-200 family suppress EMT by downregu-
lating the expression of ZEB1 and ZEB2 (SIP1), 
which, as mentioned above, function in repress-
ing the expression of E-cadherin [210–212]. Indeed, 
miR-200 family member expression marks epi-
thelial cells that express E-cadherin and not 
vimentin, as well as identifies cancer cells that are 
poorly motile [213]. With respect to EMT and its 
regulation by TGF-", a recent study established 
that this cytokine downregulates the expression 
of microRNA-200 family members and miR-205, 
which promotes ZEB1 and ZEB2 expression and 
their initiation of EMT [212]. In addition, these 
same microRNAs are frequently downregulated 
in invasive human breast cancer cells that exhibit 
a mesenchymal-like morphology [212]. Somewhat 
surprisingly, elevated ZEB1 expression also was 
found to repress that of miR-41 and miR-200c, 
both of which belong to the miR-200 family and 
whose absence establishes a negative feedback loop 
that stabilizes the acquisition of EMT phenotypes 
in epithelial cells [214].

In contrast to the miR-200 family of micro-
RNAs, metastatic breast cancers were found 
to preferentially upregulate their expression 
of miR-10b, which promotes the invasion and 
metastasis of malignant MECs both in vitro and 
in vivo [215]. Mechanistically, Twist was observed 
to induce miR-10b expression that results in the 
diminished translation of HoxD10 transcripts, 
and also the induction of the prometastatic 
gene, RhoC [215]. More recently, administration 
of TGF-" to normal MECs induced miR-155 
expression via a Smad4-dependent mechanism, 
an event that elicited EMT in cytokine-stim-
ulated MECs [216]. Once expressed, miR-155 
abrogated MEC expression of RhoA and pre-
vented their ability to undergo EMT in response 
to TGF-" [216]. Similar overexpression of miR-21 
is also observed in human cancers and results in 
the repression of the tumor suppressor, tropo-
myosin-1 [217,218]. The net effect of these events 
is the enhanced ability of breast cancer cells 
to grow in an anchorage-independent fashion 
[219], and to resist apoptotic stimuli in part via 
upregulated expression of the survival factor, 
Bcl-2 [217–219]. As above, the ability of TGF-" to 
induce EMT has been linked to its induction of 
miR-21 [220], which enhances cancer cell motil-
ity and invasive migration by down regulating 
tropomyosin expression [221–223].

Taken together, these findings suggest that 
the ability of TGF-" to govern microRNA 
expression plays an important role in dictat-
ing whether this cytokine propagates tumor-
suppressing or -promoting signals to responsive 
cells; they also suggest that the development of 
chemo therapeutic agents capable of targeting 
microRNAs may function in ‘normalizing’ car-
cinoma cells and, consequently, rendering them 
insensitive to the oncogenic activities of TGF-".

DNA hypermethylation
DNA hypermethylation is well established in 
its ability to aberrantly silence the expression of 
tumor suppressor genes in developing and pro-
gressing carcinomas [107]. Importantly, epigen-
etic silencing of the E-cadherin promoter via 
hypermethylation leads to morphological and 
differential gene-expression profiles indicative 
of EMT phenotypes [107,224]. Besides silencing 
of the E-cadherin promoter, EMT and mam-
mary tumorigenesis usurp the inactivation of 
p16INK4a as a means to promote expanded 
DNA hypermethylation. Indeed, Roberts et al. 
[225] observed the loss of p16INH4a expression to 
depress that of the polycomb genes, EZH2 and 
SUZ12, which collectively enhance DNA hyper-
methylation and the generation of MECs locked 
into a perpetual plastic state. Interestingly, the 
repression of E-cadherin expression during EMT 
appears to function as a prerequisite for directed 
gene hypermethylation during the development 
and progression of mammary tumorigenesis [226]. 
Moreover, hypermethylation of the E-cadherin 
promoter served to mark stable EMT in Ras-
transformed MECs that was induced by serum 
versus a transient EMT induced in these same 
MECs by TGF-" [226]. Clearly, additional inves-
tigations are warranted to further our understand-
ing of the linkages between TGF-" and DNA 
hypermethylation in mediating EMT in normal 
and malignant cells. Indeed, upregulated ZEB1 
expression and its ability to induce EMT is tightly 
correlated with the loss of E-cadherin expression 
in cultured epithelial cells, and in metastatic car-
cinoma cells in vivo [227]. Based on these findings, 
it is tempting to speculate that initiation of EMT 
results in the expression of Snail family members 
that collectively function in repressing that of 
E-cadherin, as well as the subsequent recruitment 
of DNA methy ltransferases that potentiate and 
stabilize the EMT phenotype.

Conclusion & future perspective
Embryogenesis and its associated EMT cre-
ates progenitor cells that ultimately give rise to 
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Executive summary

Defining the epithelial–mesenchymal transition
!"Epithelial–mesenchymal transition (EMT) is defined by the morphologic and genetic transition of epithelial cells to fibroblastoid- or 

mesenchymal-like cells.
!"The major cell–cell junctions include tight junctions, adherens junctions and desmosomes.
!"Tight junctions are composed of claudins, occludins and junction-adhesion-molecules (JAMs), which are linked to the actin cytoskeleton 

via ZO-1, -2 and -3.
!"During EMT, Par6 recruits the E3 ubiquitin ligase, Smurf1, which ubiquitinates RhoA, leading to its degradation and dissolution of  

tight junctions.
!"Adherens junctions consist of E-cadherin that is linked to the actin cytoskeleton by $- and "-catenins.
!"EMT represses E-cadherin transcription and disrupts its localization at the plasma membrane.

EMT, TGF-" & cell microenvironments
!"Tumors house a mixture of malignant and normal cells, including fibroblasts, endothelial and infiltrating immune cells, which collectively 

comprise the tumor microenvironment.
!"Transient disruption of the extracellular matrix (ECM) and epithelial cell microenvironments are characteristic of physiological EMT. By 

contrast, chronic disruptions within carcinoma cell microenvironments elicits pathologic EMT and its ability to support cancer cell 
invasion and metastasis.

!"Matrix metalloproteinases (MMPs) comprise a large family of proteases that regulate essential steps of embryogenesis and tissue 
morphogenesis, wound healing and cell growth. MMPs also degrade nearly all ECM and basement membrane components, leading to 
the development and progression of human malignancies.

!"Neural cell adhesion molecule (NCAM) is a member of the immunoglobulin superfamily whose expression is increased during EMT and 
is cleaved by MMP-28.

!"Urokinase plasminogen activator (uPA) is a serine protease whose expression is elevated during EMT and associates with advanced 
disease states and poor clinical outcomes.

!"Plasminogen activator inhibitor (PAI)-1 antagonizes tissue plasminogen activator (tPA) and uPA; its expression is also increased during 
EMT and associates with advanced disease states and poor clinical outcomes.

!"EMT leads to the upregulation of collagen and fibronectin, whose expression drastically alters cell microenvironments.
!"Vimentin is an intermediate filament protein, while $-smooth muscle actin is a component of contractile microfilaments. Upregulated 

expression of both proteins are considered to be markers of fully transitioned cells.

Transmembrane & membrane proximal protein complexes that impact TGF-" signaling & EMT
!"$- and "-integrin heterodimers function in linking the ECM to intracellular signaling pathways, and to the cellular cytoskeletal system.
!"Integrins interact with several intracellular kinases, as well as several transmembrane receptor tyrosine kinases (RTKs).
!"Integrin "1 and "3 interact with T"R-II and profoundly affect downstream signaling events stimulated by TGF-".
!""3 integrin is upregulated dramatically during EMT induced by TGF-".
!"Interaction between $v"3 integrin and T"R-II leads to Src-mediated phosphorylation of T"R-II at Tyr284, which binds Grb2 and 

promotes the activation of downstream mitogen-activated protein kinases (MAPKs).
!"TGF-" stimulates cancer progression and metastasis by cooperating with integrins.
!"Focal adhesion kinase (FAK) is required for EMT stimulated by TGF-".
!"p130Cas inhibits Smad3 activity and alters cytostasis induced by TGF-".
!"Hic5 is a member of the paxillin superfamily that is induced by and required for EMT stimulated by TGF-".
!"TRAF6 interacts physically with both T"R-I and T"R-II, leading to TGF-"-activated kinase (TAK)1 activation and the stimulation of p38 

MAPK and c-Jun N-terminal kinase (JNK).

Signaling systems involved in EMT stimulated by TGF-"
!"TGF-" activates Smad2/3, which play important roles during TGF-" stimulation of cancer cell EMT and metastasis.
!"Small GTPases RhoA, Rac1 and Cdc42 regulate the formation of stress fibers, lamellipodia or filopodia, respectively, and are intimately 

involved in EMT stimulated by TGF-".
!""1 and "( integrins activate the Ser/Thr protein kinase ILK, which stimulates MAP kinases, PI3K/AKT and small GTPases, and inhibits of 

GSK3".
!"ILK participates in EMT stimulated by TGF-" by coupling this cytokine to AKT activation, and MMP-2 and uPA expression. 
!"NF-%B activity enables Ras-transformed breast cancer cells to undergo EMT and colonize the lung when stimulated by TGF-".
!"MAP kinase family members, including ERK1/2, JNK and p38 MAPK mediate EMT and metastasis stimulated by TGF-".

Mechanisms of gene regulation by TGF-"
!"Snail transcription factor family members are master regulators of EMT and include SNAI1 (Snail) and SNAI2 (Slug); ZEB1 and ZEB2 

(SIP1); and FOXC2.
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every cell and tissue type within mature organ-
isms. For instance, EMT underlying gastrula-
tion results in the generation of the mesoderm, 
which subsequently develops along distinct 
differentiation pathways that elicit the produc-
tion of muscle, bone and connective tissues [7]. 
Similarly, a single mammary stem cell can give 
rise to both the outer myoepithelial and inner 
luminal layers that comprise the branched 
structure of these glands [228–230]. These and 
other studies suggest an important link between 
physiologic EMT and the generation and main-
tenance of stem cells, of which both phenom-
ena require signaling inputs elicited by the 
TGF-" signaling system [231]. Given the paral-
lels between physiologic and pathophysiologic 
EMT, it is fitting to find that the inappropriate 
reactivation of EMT in malignant tissues also 
promotes the selection and expansion of cancer 
stem cells. For instance, aggressive and poorly 
differentiated breast cancer and glioma cells 
exhibit gene signatures characteristic of stem 
cells [232]. In addition, TGF-" stimulation of 
EMT in human and mouse MECs established a 
population of transitioning cells that possessed 
stem cell-like properties [233,234], suggesting that 
EMT induced by TGF-" promotes ‘stemness’. 
Along these lines, inactivation of TGF-" sig-
naling in cancer stem cells induced a mesen-
chymal–epithelial transition that reestablished 
a more epithelial-like morphology in aggressive 
cancer cells [235]. Thus, these intriguing findings 
suggest that the ability of TGF-" to stimulate 
the selection and expansion of stem cell-like 
progenitors in post-EMT epithelial cells may 

represent the molecular crux that endows 
TGF-" with oncogenic activity. Clinically, 
these findings also suggest that the development 
of chemoresistance may reflect the induction of 
EMT and its expansion of cancer stem cells by 
TGF-". If correct, then the studies reviewed 
herein offer important insights into how science 
and medicine may one day target the TGF-" 
signaling system and its coupling to EMT in 
order to regulate the behaviors and activities 
of normal and cancer stem cells, and alleviate 
the devastating effects of TGF-" in promot-
ing the acquisition of invasive and metastatic 
phenotypes in human cancers.

Executive summary (cont.)

Mechanisms of gene regulation by TGF-"#(cont.)
!"Dysregulated Myc expression promotes EMT in response to TGF-", while the tumor-suppressing activity of TGF-" is intimately linked to 

its repression of Myc expression in epithelial cells.
!"STAT3 mediates cell survival and proliferative signals, and serves as an oncogene in several human cancers.
!"TGF-" activates STAT3 via a protein kinase A (PKA)-dependent mechanism, leading to the induction of EMT.
!"ER-$ promotes mammary gland develop and homeostasis, and suppresses EMT by inducing the expression of metastasis tumor antigen 

(MTA)3, which represses the expression of Snail.
!"microRNAs are essential mediators of all facets of cell and tissue development, and of cell proliferation, motility and survival. 
!"Members of the miR-200 family suppress EMT by downregulating the expression of ZEB1 and ZEB2.
!"Epigenetic silencing of the E-cadherin promoter via hypermethylation promotes the acquisition of EMT phenotypes and  

gene-expression profiles.
!"EMT and mammary tumorigenesis usurp the inactivation of p16INK4a as a means to expand aberrant DNA hypermethylation.

Redefining EMT induced by TGF-"
!"Inappropriate reactivation of EMT by TGF-" in malignant tissues promotes the selection and expansion of cancer stem and progenitor cells.
!"Targeting the molecular links between TGF-", EMT and stemness reduces breast cancer tumorigenicity.
!"The development of pharmacological agents that inhibit EMT stimulated by TGF-" may provide new avenues to manipulate the 

behaviors of normal and cancer stem cells, and to alleviate the acquisition of cancer metastasis.
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TGF-! & the tumor microenvironment
TGF-! & fibroblasts
Tumor development in many respects mirrors 
that of an organ, albeit in a highly dysfunctional 
and disorganized manner. For instance, whereas 
normal tissue specification requires reciprocal 
signaling inputs from distinct cell types and 
matrix proteins, the phenotype of developing 
carcinomas is similarly dictated by the dynamic 
interplay between malignant cells and their 
accompanying stroma, which houses fibroblasts 
and endothelial cells (ECs), as well as a variety 
of infiltrating immune and progenitor cells [1,2]. 
Moreover, tumor-reactive stroma not only plays 
an important role during cancer initiation and 
progression, but also in determining whether 
TGF-! suppresses or promotes tumor formation 
(FIGURE 1) [3–5]. Along these lines, TGF-! exerts 
its anti-tumor activities by regulating epithelial 
cell behavior, and by regulating that of adjacent 
fibroblasts, which synthesize and secrete a vari-
ety of cytokines, growth factors and extracel-
lular matrix (ECM) proteins that mediate tissue 
homeostasis and suppress cancer development. 
Thus, inactivating paracrine TGF-! signaling 
between adjacent epithelial and stromal com-
partments promotes cellular transformation, as 
well as induces the growth, survival and motil-
ity of developing neoplasms [6,7]. For instance, 
rendering fibroblasts deficient in the expression 
of the TGF-! type II receptor (T!R-II), which 
manifests as insensitivity to TGF-!, results in the 
formation of prostate intraepithelial neoplasia 

and invasive carcinoma of the forestomach [3]. 
Conditional deletion of T!R-II in mammary 
gland fibroblasts enhanced their proliferation 
and abundance within abnormally developed 
ductal units [8]. Interestingly, grafting a mixture 
of T!R-II-deficient mammary fibroblasts with 
mammary carcinoma cells under the subrenal 
capsule significantly enhanced the growth and 
invasion of breast cancer cells. The enhanced 
tumorigenicity of implanted mammary carci-
noma cells was not recapitulated in grafts con-
taining TGF-!-responsive fibroblasts, which 
failed to synthesize and secrete the high levels of 
TGF-", macrophage-stimulating protein (MSP) 
and hepatocyte growth factor (HGF) produced 
by their T!R-II-deficient counterparts [3–5,8]. 
Thus, TGF-! signaling in fibroblasts suppresses 
their activation of cancer-promoting paracrine 
signaling axes that target adjacent epithelial 
cells. Somewhat surprisingly, T!R-II-deletion 
in mammary carcinoma cells resulted in the 
activation of two tumorigenic paracrine sig-
naling axes comprised of SDF-1:CXCR4 and 
CXCL5:CXCR2, which collectively function 
in recruiting immature GR1+CD11b+ myeloid 
cells to developing mammary tumors [9]. Upon 
their arrival within mammary tumor microen-
vironments, GR1+CD11b+ cells promote breast 
cancer cell invasion and metastasis by attenu-
ating host tumor immunosurveillance and by 
stimulating MMP expression [9]. Recently, 
the ability of TGF-! to induce cell cycle pro-
gression in glioma cells required initiation of 
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autocrine PDGF-B signaling. Importantly, the 
proliferation-promoting properties of TGF-! 
and Smad2/3 only occurred in glioma lacking 
methylation of the PDGF-B gene, suggesting 
that the methylation status of PDGF-B deter-
mines the oncogenic activities of TGF-!, in part 
via autocrine PDGF-B signaling within tumor 
microenvironments [10].

Tumorigenesis is often accompanied by intense 
desmoplastic and fibrotic reactions, which elicit 
the formation of rigid tumor microenvironments 
that enhance the selection and expansion of meta-
static cells [11,12]. Lysyl oxidases (LOXs) belong 
to a five-gene family of copper-dependent amine 
oxidases (i.e., LOX, LOXL, LOXL2, LOXL3 and 
LOXL4) that function in cross-linking collagens 
to elastin in the ECM [13,14]. Mechanistically, 
the activation of these cross-linking reactions 
by LOXs secreted by fibroblasts and epithelial 
cells serves to increase the tensile strength and 
structural integrity of tissues during embryonic 

development and organogenesis, as well as dur-
ing the maintenance of normal tissue homeo-
stasis [13,14]. Similar to TGF-!, members of the 
LOX family have been associated with tumor 
suppression and tumor promotion. Indeed, the 
transformation of fibroblasts by oncogenic Ras is 
suppressed by LOX and its ability to bind, oxi-
dize and inactivate growth factors housed in cell 
microenvironments, which presumably contrib-
utes the loss of cyclin D1 expression observed in 
LOX-expressing fibroblasts [15,16]. More recently, 
LOX was observed to interact physically with 
TGF-!1 and alter its ability to stimulate Smad3 
in cultured osteoblasts [17], while LOXL4 expres-
sion inhibited TGF-! stimulation of liver cancer 
cell invasion through synthetic basement mem-
branes [18]. Thus, these findings implicate LOXs 
as potential suppressive agents within tumor 
microenvironments. In stark contrast, aberrant 
LOX activity also is associated with cancer pro-
gression, particularly the selection, expansion 
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Figure 1. Cellular targets of TGF-! during the development and progression of human cancers. TGF-! is a multifunctional 
cytokine that normally suppresses cell proliferation, differentiation and apoptosis, as well as regulating cell and tissue homeostasis. Under 
normal physiological conditions, TGF-! functions as a tumor suppressor by preventing the ability of cells to progress through the cell 
cycle, or by stimulating the ability of cells to undergo apoptosis or differentiation. However, genetic and epigenetic events that transpire 
during tumorigenesis can convert TGF-! from a tumor suppressor to a tumor promoter, particularly the ability of cancer cells to acquire 
invasive and metastatic phenotypes. The oncogenic activities of TGF-! are coordinated by dysregulated autocrine and paracrine signaling 
networks that take place between epithelial (blue), fibroblasts (maroon), endothelial (yellow) and immune cells (orange), that collectively 
promote tumor angiogenesis, invasion and metastasis, and inhibit most immunosurveillance within tumor microenvironments. See text 
for specific examples of how TGF-! signaling becomes dysregulated during tumorigenesis. 
ECM: Extracellular matrix; NK: Natural killer.
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and dissemination of metastatic cells [13–15,19–22]. 
Indeed, upregulated LOX expression is essential 
for hypoxia-induced metastasis of human MDA-
MB-231 breast cancer cells in mice [19], and is 
also observed most frequently in poorly differenti-
ated, high-grade mammary tumors and, conse-
quently, predicts for increased disease recurrence 
and decreased patient survival [15,19]. Recently, we 
observed LOX expression to be induced strongly 
by TGF-! in normal and malignant mammary 
epithelial cells (MECs), and in mammary tumors 
produced in mice. Moreover, inhibiting LOX 
activity or degrading its metabolic byproduct, 
hydrogen peroxide, antagonizes both the ability 
of TGF-! to induce the proliferation, epithelial–
mesenchymal transition (EMT), and invasion 
in normal and malignant MECs. Furthermore, 
we find that LOX antagonism uncouples TGF-! 
from stimulating Src and p38 MAPK [Taylor M, 

Schiemann WP. Unpublished Data], whose activities 
are essential for mediating oncogenic signaling by 
TGF-! in breast cancer cells [23–25]. Along these 
lines, future studies need to enhance our under-
standing of the role of tumor reactive fibroblasts 
and their production of TGF-! in protecting 
carcinoma cells from tumoricidal radiotherapies, 
and also the molecular and cellular mechanisms 
whereby anti-TGF-! therapies selectively sensitize 
carcinoma cells, not their adjacent normal coun-
terparts, to ionizing radiation treatments [26–28].

Collectively, these findings highlight the 
important role that TGF-! plays in governing 
autocrine and paracrine signaling networks, 
and more importantly, demonstrate how dis-
rupting the delicate balance between these 
systems contributes to carcinoma development 
and progression. 

TGF-! & immunosurveillance
In addition to its regulation of stromal fibro-
blasts, TGF-! present in cell microenviron-
ments also plays an essential role in governing 
the delicate balance between host immunosur-
veillance and inflammation, which collectively 
can determine whether tumor development and 
progression is induced or inhibited [29,30]. The 
importance of TGF-! in regulating immune 
system function and homeostasis is underscored 
by the findings that:

!"TGF-!1-deficient mice exhibit lethal multifo-
cal inflammatory disease [31,32];

!"Smad3-deficient mice exhibit defects in the 
responsiveness and chemotaxis of their neu-
trophils, and their T and B cells [33]; 

!"Transgenic expression of truncated T!R-II spe-
cifically in T cells results in severe autoimmune 
reactions characterized by multifocal inflam-
mation and autoantibody production [31].

Furthermore, T cell-specific deletion of Smad4 in 
mice drives T-cell differentiation towards a Th2 
phenotype and elevated secretion of IL-4, -5, -6 
and -13 [34]. Similar to fibroblasts, the net effect 
of disrupting paracrine T-cell signaling networks 
is the development of gastrointestinal carcino-
mas in these genetically engineered animals [34]. 
In addition, cancer cells typically increase their 
production and secretion of TGF-! into tumor 
microenvironments, as well as into the general 
circulation of cancer patients [35–37]. Abnormally 
elevated TGF-! concentrations also are detected 
within the tumor milieu in response to ECM 
degradation mediated by resident and recruited 
leukocytes (i.e., monocytes/macrophages, den-
dritic cells, granulocytes, mast cells, T cells and 
natural killer [NK] cells) that either promote or 
suppress tumor development in a context-specific 
manner [38].

TGF-! & adaptive immunity
TGF-! suppresses host immunosurveillance by 
inhibiting the proliferation and differentiation 
of NK and T cells, and by diminishing their 
synthesis and secretion of cytotoxic effector mol-
ecules, including INF-#, lymphotoxin-", perfo-
rin/granzyme and Fas ligand [30,39,40]. TGF-! 
also inhibits the tumor-targeting activities of 
T and NK cells through its stimulation of Tregs 
housed within tumor microenvironments [41]. 
Whereas TGF-! potently inhibits the prolifera-
tion of naive CD8+ T cells, this cytokine elicits 
little-to-no activity in fully differentiated CD8+ 
T cells owing to their downregulation of T!R-II. 
Administration of IL-2 or -10 to differentiated 
CD8+ T cells restores their responsiveness to 
TGF-!, as does expression of the costimula-
tory molecule CD28, which promotes the sur-
vival of memory/effector phenotypes in thy-
mic and peripheral T-cell populations [30,39,42]. 
Mechanistically, the immunosuppressive effects 
of TGF-! transpire in part via Smad3, whose 
phosphorylation and activation prevents the 
mitogenesis of CD8+ T cells by:

!"Inhibiting their production of IL-2; 

!"Repressing their expression of c-Myc, cyclin D2 
and cyclin E; 

!"Stimulating the expression of the CDKIs p15, 
p21 and p27 [30,39,40].

TGF-! paradox in human cancer Review



Future Oncol. (2009) 5(2)262 future science group

In contrast to its stimulation of cytostasis in 
CD8+ T cells, TGF-! has no effect on the pro-
liferation of CD4+ T cells, but does inhibit the 
differentiation of CD4+ T cells into Th1 and 
Th2 lineages by downregulating T-cell receptor 
expression, reducing intracellular Ca++ signal-
ing and repressing the expression and activation 
of transcription factors [30,39,40], all of which 
weaken host immunosurveillance. Collectively, 
these findings predict that inactivating TGF-! 
signaling in CD8+ or CD4+ T cells will inhibit 
tumor formation by elevating host immuno-
surveillance, a supposition shown to occur 
during T-cell-mediated eradication of skin [43] 
and prostate [44] cancers in mice. More recently, 
TGF-! was observed to promote the develop-
ment and progression of breast and colon can-
cers by inducing CD8+ T cells to secrete IL-17, 
which exerts prosurvival signaling in carcinoma 
cells [45]. Thus, in addition to improving host 
immunosurveillance, neutralizing TGF-! func-
tion in T cells will also improve tumor resolu-
tion by suppressing the activation of carcinoma 
survival pathways.

TGF-! & innate immunity
In addition to its role in regulating adaptive 
immunity, TGF-! also plays an essential role 
in directing activities and behaviors of compo-
nents of the innate immune system, including 
NK cells, dendritic cells, mast cells, monocytes 
and macrophages. Indeed, we defined a novel 
TAB1:xIAP:TAK1:IKK!:NF-$B signaling axis 
that forms aberrantly in breast cancer cells and 
in normal MECs following their induction of 
EMT by TGF-!. Once formed, this signaling 
axis enables oncogenic signaling by TGF-!, in 
part via activation of NF-$B and its consequen-
tial production of proinflammatory cytokines, 
which promote breast cancer growth in mice in 
a manner consistent with regulation of innate 
immunity by TGF-! [46]. Along these lines, 
TGF-! receptors were observed to associate with 
those for IL-1!, thereby enabling:
!"TGF-! to activate NF-$B

!"IL-1! to activate Smad2 

!"Both pathways to potentiate inflammatory 
cytokine production [47] and their ability to pro-
mote inflammation and the enhanced survival 
of tumor-associated monocytes [48,49].

In addition, transgenic expression of IL-1! 
in the stomachs of mice promoted the acti-
vation of myeloid-derived suppressor cells 
(MDSCs) via an IL-1R/NF-$B signaling axis, 

whose inappropriate and constitutive activation 
results in the formation of stomach neoplasias 
[50]. TGF-! is a potent inhibitor of the cytolytic 
activity of NK cells, presumably by attenuating 
the activation of their NKp30 and NKD2D 
receptors, and by inhibiting their production 
of INF-#. In addition, TGF-! also represses the 
activities of dendritic cells by inhibiting their 
expression of MHC class II, CD40, CD80 and 
CD86, and TNF-", IL-12 and CCL5/Rantes 
[30,39,40,51]. Mast cells are actively recruited to 
tumor microenvironments by TGF-! where 
they synthesize and secrete numerous tumor-
promoting factors, including histamine, pro-
teases and cytokines (e.g., VEGF and TGF-!) 
[40,52]. Lastly, TGF-! stimulates monocytes and 
macrophage chemotaxis to tumor microenvi-
ronments, leading to enhanced tumor invasion, 
angiogenesis and metastasis, and to diminished 
antigen presentation and immunosurveillance 
towards developing neoplasms [53,54]. 

TGF-! & endothelial cells
Angiogenesis is the process whereby new blood 
vessels sprout and form from preexisting ves-
sels; it also is an essential physiological process 
that transpires during embryonic development, 
wound healing and the female reproductive 
cycle [55,56]. The initiation of pathological angio-
genesis has been linked to numerous human dis-
eases, including rheumatoid arthritis, diabetic 
retinopathy and age-related macular degenera-
tion [56,57]. Interestingly, all solid tumors larger 
than 1 cm3 suffer from hypoxia [58] and, as such, 
initiate angiogenesis as a means of acquiring an 
efficient supply of nutrients and waste removal, 
as well as a route for their metastasis to distant 
locales. Two distinct phases are involved in angio-
genesis, namely angiogenic activation and resolu-
tion. During the activation phase of angiogenesis, 
ECs initially exhibit increased vessel permeability 
and elevated rates of cell proliferation, migration 
and invasion. In addition, new vessel sprouting is 
further enhanced by a reduction in EC adhesion, 
coupled to an alteration in basement membrane 
integrity. By contrast, angiogenic resolution 
essentially restores activated ECs to their resting, 
quiescent phenotypes and promotes the recruit-
ment of perivascular cells that maintain vessel 
stability and hemodynamics [55–57].

TGF-! plays critical roles in regulating both 
the activation and resolution phases of angio-
genesis [59–62]. Indeed, homozygous deletion 
of various components of the TGF-! signaling 
system in mice routinely results in the appear-
ance of vascular and EC defects, particularly in 
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animals lacking TGF-!1 [63], T!R-I [64], T!R-II 
[65,66], T!R-III [67,68], Smad1 [69] or Smad5 [70]. 
In humans, loss or inactivation of endoglin leads 
to hereditary hemorrhagic telangiectasia type 1 
(HHT1) [71,72], while loss of ALK1 results in 
HHT2 [73,74]. Moreover, the defects associated 
with HHT1 and HHT2 in humans are pheno-
copied in knockout mice lacking expression of 
either endoglin [75,76] or ALK1 [77–79], respec-
tively. Thus, altered expression and/or activity of 
TGF-! in tumor microenvironments will clearly 
impact the ability of hypoxic tumors to overcome 
this impediment to their growth and survival.

Endothelial cells have been reported to express 
two distinct T!R-Is, namely T!R-I/Alk5 and 
ALK1. The importance of these two receptors 
in mediating vessel development by TGF-! is 
evidenced by the embryonic lethality observed at 
day E11.5 and E10.5 in mice lacking ALK1 [79] 
or ALK5 [64], respectively. Recent evidence also 
suggests that these two type I receptors differen-
tially regulate the coupling of TGF-! to angio-
genic activation and resolution. For instance, 
T!RI/ALK5 activation stimulates Smad2/3 
and the subsequent expression of genes oper-
ant in mediating vessel maturation, including 
plasminogen activator inhibitor 1 (PAI-1) and 
fibronectin [78,80,81]. Moreover, microarray gene 
expression analyses of EC cells before and after 
their stimulation with TGF-! confirmed that the 
activation of a TGF-!:T!R-I/ALK5:Smad2/3 
signaling axis does indeed promote angiogenic 
resolution [61,82]. By contrast, ALK1 activation 
stimulates Smad1/5 and the subsequent expres-
sion of genes operant in mediating angiogenesis 
activation, including Id1 and IL-1 receptor-like 1 
[78,80–82]. Moreover, ALK-1 signaling stimulated 
by TGF-! requires this cytokine to initially acti-
vate T!R-II and ALK-5, which then recruit and 
activate ALK-1 following its association with 
T!R-II:ALK-5:TGF-! ternary complexes [78]. 
Thus, activation of ALK-1 and the induction 
of angiogenesis by TGF-! must first proceed 
through its assembly of angiostatic TGF-! recep-
tor complexes (i.e., T!R-II:ALK-5). At present, 
the molecular mechanisms that initially exclude 
and then recruit ALK-1 to angiostatic TGF-! 
receptor complexes remain unknown, but may 
reflect a delicate balance between TGF-! and 
other angiogenic factors located within tumor 
microenvironments. Indeed, low TGF-! con-
centrations enhance the ability of bFGF and 
VEGF to stimulate EC proliferation and angio-
genic sprouting, while high TGF-! concentra-
tions inhibit these angiogenic activities [62,83]. 
Along these lines, the pro-angiogenic functions 

of TGF-! have also been linked to its ability to 
regulate the expression and/or activities of other 
angiogenic factors, such as bFGF and VEGF [84]. 
It is interesting to note that inclusion of TGF-! 
to Matrigel™ plugs implanted into mice only 
promotes angiogenesis and vessel development 
in the presence of bFGF and its ability to cre-
ate a pro-angiogenic microenvironment [Tian M, 

Schiemann WP. Unpublished Observation]. Thus, it 
is plausible that the recruitment of ALK-1 to 
angiostatic TGF-! receptor complexes may first 
require the stimulation of accessory angiogenic 
signals or proteins within activated EC microen-
vironments. Along these lines, the coupling of 
TGF-! to angiogenesis is controlled by the pres-
ence of endoglin, whose expression is induced by 
ALK1 and serves to promote EC proliferation, 
migration and tubulogenesis by antagonizing the 
activities of T!R-I/ALK5 [60,82].

Collectively, these studies highlight the com-
plexities associated with the ability of TGF-! to 
regulate EC activities coupled to angiogenesis. 
Future studies clearly need to:
!"Better define the precise mechanisms that 

enable TGF-! and its downstream effectors 
to govern the induction of angiogenic or 
angiostatic gene-expression profiles; 

!"Establish the impact of EC and perivascular 
cell differentiation states to influence the 
angiogenic response to TGF-!; 

!"Identify the microenvironmental cues and sig-
nals that cooperate with TGF-! in mediating 
angiogenesis activation and resolution.

TGF-!, epithelial–mesenchymal transition 
& metastasis

The acquisition of invasive and metastatic phe-
notypes by carcinomas ushers in their transition 
from indolent to aggressive disease states, during 
which time immotile, polarized epithelial cells 
undergo EMT and transdifferentiate into highly 
motile, apolar fibroblastoid-like cells [85–87]. In 
doing so, post-EMT carcinoma cells remodel 
their ECM and microenvironments in a manner 
that facilitates their intravasation into the vascu-
lar or lymphatic systems, as well as their extrava-
sation at distant locales to form micrometastases 
that ultimately develop into secondary carci-
nomas [88]. Interestingly, a recent study identi-
fied a set of potential metastatic gene signature 
whose expression is highly associated with the 
acquisition of pulmonary metastasis by human 
breast cancers [89]. Included in the metastatic 
gene signatures are inhibitors of differentiation 
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(IDs) 1 and 3, which mediate constitutive 
proliferative signals in newly established pul-
monary micrometastases [89]. In addition, the 
ability of TGF-! to induce angiopoietin-like 4 
(ANGPTL4) expression in breast cancer cells 
enables their retention, extravasation and colo-
nization, specifically in the lungs, not the bone 
[90]. Pathological reactivation of EMT programs 
in differentiated cells and tissues not only pro-
motes their invasion and metastasis, but also 
underlies the development of several human 
pathologies, such as chronic inf lammation, 
rheumatoid arthritis and chronic fibrotic degen-
erative disorders, all of which are characterized 
by dysregulated microenvironmental signaling 
[85–88,91,92]. In the following sections, we sum-
marize recent developments linking TGF-! to 
the induction of EMT and metastasis, to the 
selection and expansion of cancer stem cells, 
and to the regulation of microRNA expression 
in developing and progressing neoplasms.

TGF-! signaling & 
epithelial–mesenchymal transition
Canonical TGF-! effectors & 
epithelial–mesenchymal transition
The ability of TGF-! to induce EMT and metas-
tasis transpires through the activation of canonical 
(i.e., Smad2/3-dependent) and noncanonical (i.e., 
Smad2/3-independent) TGF-! signaling inputs. 
For instance, inactivating canonical TGF-! signal-
ing in human MCF10ACA1a breast cancer cells 
by engineering their expression of a dominant-
negative Smad3 construct [93] or a T!R-I mutant 
incapable of activating Smad2/3 (i.e., L45 mutant) 
[94] significantly reduced their ability to colonize 
the lung. Along these lines, Smad4-deficiency not 
only diminished the expression of PTHrP, IL-11 
and CTGF in human MDA-MB-231 breast can-
cer cells, but also abrogated their metastasis to 
bone in response to TGF-! [95–98]. Interestingly, 
whereas Smad4-deficiency cooperates with onco-
genic K-Ras to induce the initiation and devel-
opment of pancreatic cancer, the expression and 
activity of Smad4 is essential for TGF-! stimula-
tion of pancreatic cancer EMT and growth [99]. 
Similar inactivation of canonical TGF-! signaling 
by overexpression of Smad7 [100,101] prevents the 
invasion of breast [102] and head and neck can-
cers [103,104], as well as the pulmonary metastasis 
of melanomas [105]. Collectively, these findings 
highlight the importance of Smad2/3/4 signal-
ing in mediating EMT and metastasis stimulated 
by TGF-!, and suggest the potential benefit of 
Smad2/3 antagonists to improve the clinical 
course of patients with metastatic disease.

Noncanonical TGF-! effectors & 
epithelial–mesenchymal transition
Noncanonical TGF-! signaling also plays an 
essential role in mediating TGF-! stimulation 
of EMT, invasion and metastasis [106]. Included 
in this growing list of noncanonical effectors tar-
geted by TGF-! are Ras/MAP kinase [107–115], 
PI3K/AKT [116], Rho/ROCK [117], Jagged/Notch 
[118], mTOR [119] and Wnt/!-catenin [120]. 
Collaborative signaling events occurring between 
NF-$B and oncogenic Ras also mediate EMT 
and pulmonary extravasation of breast cancer 
cells in response to TGF-! [121]. Similarly, we 
identified TGF-! stimulation of NF-$B as an 
essential pathway operant in coupling TGF-! to 
the expression of Cox-2, whose activity and pro-
duction of PGE2 are critical for EMT induced 
by TGF-! in normal and malignant MECs [122]. 
Our work [23–25] and research by others [108] has 
established integrins as key players in mediat-
ing EMT, invasion and p38 MAPK activation 
by TGF-!, as well as its ability to stimulate the 
growth and pulmonary metastasis of breast can-
cers in mice [25]. Essential effectors targeted by the 
formation of integrin:TGF-! receptor signaling 
complexes are:
!"The protein proto-oncogene Src and its phos-

phorylation of T!R-II at Y284, which creates 
a docking site for Grb2 and ShcA [23–25]; 

!"The adapter molecule Dab2, which facilitates 
TGF-! stimulation of Smad2/3 and FAK 
[123,124]; 

!"The protein tyrosine kinase FAK, which co- 
ordinates the formation of "v!3 
integrin:T!R-II complexes and, together with 
its effector p130Cas, is essential for TGF-! 
stimulation of breast cancer pulmonary metas-
tasis in mice [Wendt MK, Schiemann WP. Unpub-

lished Observation].

In addition, "v!3 integrin also mediates 
TGF-!-dependent metastasis of breast cancer 
cells to bone [125,126]. Collectively, these find-
ings implicate T!R-II as an essential mediator 
of oncogenic signaling by TGF-!, particularly 
its ability to promote the acquisition of invasive 
and metastatic phenotypes at the expense of sig-
nificantly impacting primary tumor growth [127]. 
Along these lines, a missense mutation in T!R-II 
identified in human head and neck carcinomas 
was observed to promote their EMT and invasion 
in part via hyperactive protein kinase activity in 
mutant T!R-II proteins, and also by inappropri-
ate coupling of TGF-! receptors to Smad1/5 acti-
vation, as opposed to Smad2/3 [128]. Interestingly, 
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following its phosphorylation by T!R-II, the 
tight-junction assembly protein, PAR-6, asso-
ciates with T!R-I and coordinates the ubiqui-
tination and degradation of RhoA by Smurf1 
[129]. The net effect of these TGF-!-dependent 
events results in the dissolution of epithelial cell 
tight junctions and the disassembly of their actin 
cytoskeleton, leading to the induction of EMT.

TGF-! & cancer stem cells
It is important to note that EMT is a normal and 
essential physiological process that directs tissue 
development and morphogenesis in the embryo 
and promotes the healing, remodeling and 
repair of injured tissues in adults [85–87]. Thus, 
tumorigenic EMT in many respects reflects the 
inappropriate reactivation of embryonic and 
morphologic gene expression programs, and as 
such, points towards a potential link between 
EMT and the maintenance of stem cell proper-
ties. Accordingly, aggressive and poorly differen-
tiated breast cancer and glioma cells exhibit gene 
signatures characteristic of stem cells [130], while 
human and mouse MECs induced to undergo 
EMT acquire stem cell-like properties, in part 
via activation of the TGF-! signaling system 
[131]. Since TGF-! is a master regulator of physi-
ological and pathological EMT [91], these find-
ings suggest that the conversion of TGF-! from 
a tumor suppressor to a tumor promoter mirrors 
its ability to induce the selection and expansion 
of stem cell-like progenitors in post-EMT cells. 
In fact, TGF-! treatment of malignant, but non-
metastatic human breast cancer cells suppressed 
their tumorigenicity by diminishing the size of 
the cancer stem cell pool, and by reducing ID1 
expression that results in the differentiation of the 
progenitor pool [132]. Thus, uncoupling TGF-! 
from regulation of ID1 expression may dictate 
whether TGF-! either promotes or suppresses 
the maintenance and/or expansion of cancer 
stem cells. Indeed, pharmacological inhibition 
of TGF-! signaling in cancer stem cells induced 
an EMT that resulted in their acquisition of a 
more epithelial-like morphology [133]. Along 
these lines, future studies clearly need to iden-
tify the molecular mechanisms that link TGF-! 
and EMT to the generation of cancer stem cells, 
and establish the therapeutic impact of TGF-! in 
promoting chemoresistance via its stimulation of 
EMT and the expansion of cancer stem cells.

TGF-! & microRNAs
Finally, accumulating evidence now positions 
microRNAs as potentially important regula-
tors of the TGF-! paradox. Indeed, expression 

of miR-21 in breast cancers predicts elevated 
TGF-!1 expression and a poor clinical prog-
nosis [134], while that in gliomas results in the 
suppression of multiple components of the 
TGF-! signaling system, including its ligands 
(e.g., TGF-!s 1 and 3), receptors (e.g., T!R-II 
and T!R-III), and effector molecules (e.g., 
Smad3, Daxx and programmed cell death 4 
[PDCD4]) [135,136]. Recently, TGF-! was shown 
to promote contractile phenotypes in vascular 
smooth muscle cells by stimulating the process-
ing of primary miR-21 transcripts into their 
pre-miR-21 counterparts via the formation of 
Smad2/3:DROSHA complexes. In doing so, 
cellular levels of miR-21 accumulate rapidly, 
resulting in diminished expression of PDCD4 
and its inability to suppress contractile machin-
ery expression in vascular smooth muscle cells 
[136]. Similar induction of miR-21 expression 
took place in Smad4-deficient carcinoma cells, 
suggesting that TGF-!-regulated miR pro-
cessing also takes place in epithelial cells in a 
manner independent of Smad4 [136]. Moreover, 
miR-21 expression also functions to promote 
EMT stimulated by TGF-! [137], although the 
molecular mechanisms under lying this event 
remain to be determined definitively. In con-
trast to miR-21 and its role in promoting EMT 
by TGF-!, microRNA-200 family members 
and miR-205 function in maintaining epithe-
lial cell polarity and, consequently, in suppress-
ing EMT. Importantly, the ability of TGF-! 
to induce EMT first requires this cytokine to 
downregulate microRNA-200 family member 
and miR-205 expression, which promotes ZEB1 
and ZEB2 expression and their initiation of 
EMT [138]. Thus, aberrant microRNA expres-
sion may play a significant role in determining 
whether epithelial cells sense and respond to 
the tumor-suppressing functions of TGF-!, or 
rather to its oncogenic activities. 

Conclusions & future perspective
Despite considerable progress over the last 
decade in defining the molecular mechanisms 
that underlie the initiation and maintenance 
of the TGF-! paradox, science and medicine 
still lack the necessary knowledge and where-
withal to explain and, more importantly, to 
manipulate the physiopathological actions of 
TGF-! to improve the clinical course of human 
malignancies. While it is abundantly clear that 
TGF-! plays a major role, both directly and 
indirectly, in regulating the ability of cancer 
cells to acquire each of the six hallmarks nec-
essary for their malignant progression [139], it 
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remains unclear as to how these events con-
spire in regulating the response of developing 
and progressing neoplasms to TGF-!. For 
instance, defects in TGF-! function rarely 
effect primary tumor growth, but more com-
monly play a significant role in enabling cancer 
cells to acquire EMT and invasive/metastatic 
phenotypes. Thus, while it is easy to rationalize 
why tumors require TGF-! to provide them 
with a selective EMT and metastatic advan-
tage, teleologically it remains troublesome to 
assume that these phenotypic changes induced 
by TGF-! are permanently ingrained in aggres-
sive carcinoma cells. Indeed, cancer cells per-
petually locked into a ‘vagabond’ mentality is 
counterintuitive to the processes underlying 

metastasis development and the formation 
of secondary carcinomas at distant locales. 
Instead, it appears that the exquisite balance 
between the functions and behaviors of TGF-! 
in distinct tissue types become unbalanced and 
incapable of suppressing disease development, 
particularly that of neoplastic transformation. 
Along these lines, the processes underlying 
the maintenance of normal tissue and cellular 
homeostasis have been liken to those necessary 
in facilitating the existence of a well-balanced 
and harmonious society [140]. The studies 
highlighted herein are consistent with a role 
for TGF-! in serving either as a benevolent or 
corrupt village manager, one whose ultimate 
agenda is dictated by the prevailing mood of 

Executive summary

TGF-! & the tumor microenvironment
Fibroblasts:
!"Tumor-reactive stroma plays a critical role in determining whether TGF-! suppresses or promotes tumor formation.
!"Loss and/or disruption of paracrine signaling systems between fibroblast and adjacent epithelial cells results in cellular transformation, 

and in the progression of developing neoplasms.
!"Similar inactivation of TGF-! function in epithelial cells also elicits aberrant epithelial:fibroblast paracrine signaling networks that 

drive malignancy.
!"TGF-! stimulation of desmoplastic and fibrotic reactions promotes the formation of stiff, noncompliant microenvironments that select 

for the expansion of metastatic cells.
!"Lysyl oxidase family members are essential for desmoplasia induced by TGF-!, and for stimulating breast cancer metastasis in hypoxic 

tumor environments. 
!"Fibrotic reactions enhance TGF-! signaling and may facilitate tumor protection to radiotherapies.

TGF-! & immunosurveillance
!"TGF-! is a potent suppressor of inflammation and immune suppression.
!"Similar to fibroblasts, altered paracrine signaling by immune cells contributes to tumor formation, particularly in the  

gastrointestinal track.
!"TGF-! is a potent inhibitor of adaptive immunity, which contributes to weaken host immunosurveillance.
!"TGF-! also is a potent activator of innate immunity, which contributes to carcinoma progression and metastasis.

TGF-! & endothelial cells
!"Angiogenesis is the process whereby new blood vessels develop from pre-existing vessels.
!"Angiogenesis also provides cancer cells a route for their metastatic spread.
!"Aberrant TGF-! signaling elicits developmental vascular defects that typically result in embryonic lethality.
!"Human hereditary hemorrhagic telangiectasia is phenocopied in mice lacking expression of either ALK1 or endoglin. 
!"TGF-! regulates both the activation and resolution of angiogenesis by differential activation of ALK1 (i.e., pro-angiogenic via 

Smad1/5/8 activation) or TGF-! receptor (T!R)-I/ALK5 (i.e., anti-angiogenic via Smad2/3 activation).
!"Activation of ALK1 by TGF-! requires the presence of ALK5 and T!R-II. 

TGF-!, epithelial–mesenchymal transition & metastasis
!"Epithelial–mesenchymal transition (EMT) is a process whereby polarized, immotile epithelial cells transdifferentiate into apolar, highly 

motile, fibroblastoid-like cells.
!"TGF-! is a master regulator of normal and tumorigenic EMT.
!"EMT is essential for the acquisition of invasive and metastatic phenotypes in carcinoma cells.
!"TGF-! induces EMT via stimulation of canonical (i.e., Smad2/3) and noncanonical (i.e., Ras/MAP kinases, PI3K, AKT and 

Rho/ROCK) pathways.
!"!3 integrin, Src and p38 MAPK are essential in facilitating EMT stimulated by TGF-!.
!"Aberrant expression of microRNAs in response to TGF-! may drive EMT and metastasis.
!"EMT induced by TGF-! may play important roles in generating chemoresistant cancer stem cells.
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